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SECTION  I 
INTRODUCTION 


Meteorological  operations  and  research,  as  well  as  the  opera¬ 
tion  of  a  variety  of  military  weapons  and  communication  systems, 
require  detailed  knowledge  of  the  state  of  the  atmosphere.  Of 
concern  for  many  applications  are  the  bulk  parameters  of  clouds 
and  precipitation,  such  as  rainfall  (or  snowfall)  rate,  total 
water  content,  and  propagation  parameters.  Increasing  sophisti¬ 
cation  of  military  systems  and  meteorological  models  requires 
increasing  information  to  characterize  cloud  and  precipitation 
media.  Thus,  there  is  a  need  for  information  concerning  the 
thermodynamic  phase,  shape,  size,  orientation,  and  number  density 
of  hydrometeors.  Past  research  has  shown  that  these  parameters 
are  amenable  to  measurement,  in  varying  degrees  of  accuracy,  by 
polarization  radar  techniques.  The  concept  underlying  this  ap¬ 
proach  is  that  the  hydrometeor  tnicrophysical  parameters  are  re¬ 
lated  to  the  anisotropy  of  either  the  scattering  medium  or  the 
propagation  medium  and  hence  can  be  deduced  from  measurements  by 
a  dual-channel  or  dual-polarization  radar.  A  theory  for  the  use 
of  non-coherent  dual-channel  radars  for  meteorological  measure¬ 
ments  was  developed  by  McCormick  and  Hendry^  and  extended  to 
coherent  radars  by  Metcalf  and  Echard  . 

In  addition  to  this  major  theoretical  work,  several  experi¬ 
mental  programs  have  been  undertaken  to  measure  various  micro¬ 
physical  and  bulk  parameters.  These  have  aimed  at  identification 
of  hail  in  severe  storms,  improved  accuracy  of  rainfall  measure¬ 
ment  through  a  parameterized  drop  size  distribution,  and  the 

^  McCormick,  G.  C.  ,  and  Hendry,  A.,  1  975:  Principles  for  the 
Radar  Determination  of  the  Polarization  Properties  of 
Precipitation.  Radio  Sci. ,  1 0 ,  421-434. 

'  Metcalf,  J.  I.,  and  Echard,  J.  D. ,  1978:  Coherent 
Polarization-Diversity  Radar  Techniques  in  Meteorology.  J . 
Atmos.  Sci.,  35,  2010-2019. 


documentation  of  signal  propagation  phenomena.  Results  of  many 
theoretical  and  experimental  programs  were  reviewed  by  Metcalf, 
et  al.^ 

On  the  basis  of  past  research  we  have  developed  radar  system 
designs  for  the  remote  measurement  of  the  microphysical  parame¬ 
ters  listed  above.  Key  design  factors  include  the  operating 
frequency,  pulse  characteristics,  power,  and  scanning  capa¬ 
bility.  These  are  determined  largely  by  the  characteristics  of 
the  targets  and  the  intended  operational  procedures.  The  con¬ 
straints  of  scanning  geometry,  target  properties,  and  radar 
parameters  determine  the  output  characteristics  and  the  require¬ 
ments  for  data  processing  and  display.  An  important  feature  of 
the  system  is  that  it  be  coherent,  to  permit  measurements  of  wind 
and  turbulence  (as  is  accomplished  by  single-channel  coherent 
radars)  ,  and  to  determine  the  dependence  of  the  scatterer 
anisotropy  on  Doppler  frequency,  through  the  two  power  spectra 
and  the  cross-spectrum  of  the  two  signals  from  the  dual-channel 
receiver. 

In  presenting  the  system  designs  we  begin  with  an  overview  of 
target  characteristics  and  scanning  geometries,  then  discuss 
measurement  ambiguities  and  limits  of  spatial  resolution  and 
quantitative  accuracy.  We  present  the  parameters  for  two  radar 
systems,  each  of  which  is  capable  of  achieving  some  of  the  mea¬ 
surement  objectives.  We  discuss  output  data  characteristics  in 
general  terms  and  present  schematic  diagrams  of  system  hardware. 

The  theory  of  polarization-diversity  radar  discussed  else¬ 
where  will  not  be  developed  in  detail  in  this  report.  Nomencla¬ 
ture  and  symbols  used  herein  are  consistent  with  those  used  pre¬ 
viously  and  by  other  authors  and  are  defined  only  to  the  extent 
required  for  this  presentation. 


^  Metcalf,  J.  1.,  Brookshire,  S.  P.  ,  and  Morton,  T.  P.  ,  1978: 
Polarization-Diversity  Radar  and  Lidar  Technology  in 
Meteorological  Research:  A  Review  of  Theory  and  Measurements, 
AFGL-TR-78-OO'iO ,  Air  Force  Geophysics  Laboratory. 


SECTION  II 

TARGET  CHARACTERISTICS 


The  microphysical  parameters  listed  in  Section  I  are  dis¬ 
cussed  below  in  the  context  of  five  meteorological  target  classi¬ 
fications:  rain,  snow,  hail,  cloud  water,  and  cloud  ice. 
Because  of  the  various  scattering,  depolarization,  and  fall  speed 
characteristics  of  these  targets,  they  are  amenable  in  varying 
degrees  to  measurement  of  the  parameters  of  interest.  While  we 
do  not  intend  to  present  a  comprehensive  review  in  this  section 
of  calculations  and  measurements  reviewed  elsewhere, ^  it  is  use¬ 
ful  to  relate  radar-measurable  parameters  to  the  microphysical 
parameters  before  proceeding  to  discuss  other  aspects  of  the 
system  designs. 

A.  RAIN 

Rain  is  unique  among  the  target  classifications  in  having 
well-defined  relationships  of  scattering  cross  section,  shape, 
and  fall  speed  to  drop  size.  Because  of  these  relationships  the 
reflectivity-weighted  average  shape  and,  hence,  size  can  be  ob¬ 
tained  from  either  the  ratio  of  circularly  polarized  back- 
scattered  signals  (from  circularly  polarized  transmission)  or  the 
ratio  of  reflectivities  measured  at  two  linear  polarizations 
aligned  with  the  maximum  and  minimum  dimensions  of  the  drops. 
Figure  1  shows  the  relationships  of  circular  depolarization  ratio 
(CDR  -  the  inverse  of  the  cancellation  ratio)  to  rainfall  rate 
(for  an  assumed  drop  size  distribution)  and  to  drop  size  (D)  , 
based  on  computations  by  Humphries^,  McCormick  and  Hendry^,  and 
Warner  and  Rogers^. 


4  Humphries,  R.  G. ,  1974:  Depolarization  Effects  at  3  GHz  due 
to  Rain.  Scientific  Report  MW-82,  Stormy  Weather  Group,  McGill 
University. 

Warner,  C.  W.  ,  and  Rogers,  R.  R.  ,  1  977:  Polarization- 
Diversity  Radar:  Two  Theoretical  Studies.  Scientific  Report  MW- 
90,  Stormy  Weather  Group,  McGill  University. 
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RAINFALL  RATE  (mm  hr  ) 


EQU I VOLUME  DIAMETER  (mm) 


Figure  1.  Circular  depolarization  ratio  due  to  scattering, 
as  a  function  of  rainfall  rate  and  of  individual  rain  drop 
diameter.  Values  in  rain  are  those  of  Humphries  (4).  Values 
due  to  individual  drops  are  based  on  radar  beam  incidence 
perpendicular  to  the  drop  symmetry  axis;  points  represent  the 
calculations  of  McCormick  and  Hendry  (1),  and  line  corresponds 
to  the  model  of  Warner  and  Rogers  (5). 


A  number  density  parameter  can  be  obtained  from  the  total 
backscatter  reflectivity,  once  a  drop  size  parameter  is  known,  by 
means  of  the  Rayleigh  or  Mie  scattering  cross  section.  If  a  drop 
size  distribution  is  assumed  to  be  describable  by  two  parameters, 
e.g.,  an  exponential  function,  then  the  measurements  of  total 
reflectivity  plus  depolarization  ratio  or  of  total  reflectivity 
pLus  differential  reflectivity  (at  two  linear  polarizations)  can 
be  used  to  define  the  distribution. 

If  Doppler  frequency  spectra  of  the  received  signals  can  be 
obtained  from  coherent  radar  data  and  if  the  Doppler  frequency 
includes  a  substantial  component  due  to  raindrop  fall  speed,  then 
the  ratio  of  the  power  spectra  of  two  circularly  polarized  back¬ 
scatter  components  may  be  used  to  derive  the  drop  shape  as  a 
function  of  Doppler  frequency^.  It  has  been  suggested  that  spec¬ 
tra  of  signals  measured  at  orthogonal  linear  polarizations  should 
yield  the  same  information  as  spectra  derived  from  circularly 
polarized  signals,  but  tnis  has  not  been  proven  theoretically  and 
probably  requires  pulse-to-pulse  polarization  agility. 

Orientation  parameters  are  derivable  from  the  cross  correla¬ 
tion  or  the  cross  spectrum  of  two  circularly  polarized  back¬ 
scatter  components.  The  magnitude  of  the  cross  correlation  of 
backscatter  signals  from  rain  is  generally  between  O.b  and  0.9, 
indicating  that  rain  is  a  strongly  oriented  medium,  and  the  phase 
of  the  cross  correlation  is  near  zero,  indicating  a  mean  canting 
angle  near  zero.  We  anticipate  that  some  advantage  will  be 
gained  from  the  spectral  display  of  these  parameters,  i.e., 
through  the  cross  spectrum,  although  the  quantitative  nature  of 
the  advantage  is  not  known.  because  the  raindrop  canting  angle 
appears  as  an  additive  term  with  the  non-Rayleigh  differential 
phase  shift  in  the  exponent  of  the  signal  in  the  transmission 
channel,  the  availability  of  the  cross  spectrum  should  facilitate 
the  identification  of  non-Rayleigh  scattering  effects  in  par¬ 
ticular  spectral  bands. 


Propagation  effects  are  a  key  factor  in  system  design,  as 
they  affect  the  maximum  range  of  certain  measurement  capabili¬ 
ties.  While  total  attenuation  is  important,  as  with  single 
channel  meteorological  radars,  differential  attenuation  and  dif¬ 
ferential  phase  shift  are  even  more  important  in  the  case  of  a 
dual-channel  radar.  These  differential  propagation  terms  are  the 
differences  of  attenuation  and  of  phase  shift  of  signals  propa¬ 
gating  with  polarizations  parallel  and  perpendicular  to  the  sym¬ 
metry  axis  of  the  raindrops.  In  the  context  of  dual-channel 
radar  measurements,  the  propagation  effects  appear  as  a  signal 
component  in  one  channel  due  to  scattering,  absorption,  or  phase 
shift  of  the  signal  of  the  opposite  polarization  as  it  encounters 
non-spherica 1  raindrops.  Propagation  effects  are  minimized  for 
horizontal  and  vertical  polarizations  in  rain  because  of  the 
orientation  of  the  propagation  medium,  but  are  non-zero  because 
of  the  distribution  of  raindrop  canting  angles  about  the  mean. 
Differential  propagation  effects  are  maximized  for  45°  linear  or 
for  circular  polarizations  because  the  orientation  of  the  polari¬ 
zation  plane  (in  the  linear  case)  or  the  circularity  is  altered 
by  the  non-spherica 1  drops.  For  circular  polarization,  the  major 
received  signal  has  a  sense  of  rotation  opposite  to  the  trans¬ 
mitted  polarization  and  is  generally  10  to  30  dB  above  the  signal 
received  in  the  transmission  channel;  therefore,  the  propagation 
component  is  included  only  in  the  transmission  channel.  Similar¬ 
ly,  for  linear  polarization,  the  major  received  signal  is 
parallel  to  the  transmitted  polarization;  therefore,  the  propaga¬ 
tion  effect  is  included  in  the  perpendicularly  polarized  compo¬ 
nent,  since  the  propagation  effect  on  the  parallel  polarized 
signal  is  negligible. 

These  characteristics  of  the  propagation  effects  have  led  to 
the  use  or  advocacy  of  linear  or  circular  polarizations  for 
various  applications-^.  Although  the  minimizing  of  propagation 
effects  makes  linear  polarization  desirable  or  necessary  for  some 
purposes,  the  variety  of  measurement  objectives  we  contemplate 
appears  to  require  the  use  of  circular  polarization.  Most  of 
these  objectives  are  related  to  the  measurement  of  the  anisotropy 


of  Che  scattering  medium,  and  the  measurements  require  circular 
polarization  or  pulse- to-pu Lse  agile  linear  polarization.  The 
increased  propagation  effects  encountered  with  circular  polariza¬ 
tion  can  be  viewed  as  an  undesirable  or  detrimental  factor  in 
some  situations,  particularly  for  measurements  of  scattering 
parameters  through  precipitation,  e.g. ,  on  the  far  side  of  a 
storm.  Propagation  effects  that  dominate  the  backscattering 
effects  can  provide  valuable  physical  information  about  the  pro¬ 
pagation  medium.  For  circular  polarization,  the  formulation  for 
the  received  signal  in  the  transmission  channel  contains  the 
factor 


r  j(S  +  2a)  ,,  j  (  X  +  2  T  )  1 
ive->\  _  '  +  2peJA-  J  , 

where  v  is  the  amplitude  ratio  of  the  backseat tered  signals  and  p 
is  related  to  the  total  one-way  differential  attenuation  (aA)  and 
differential  phase  shift  ( A <j> )  by  the  relation 

p  e  -^x  =  tanh  (C-0575AA  +  j  (n /360)  A  4> )  .  (1) 

The  relative  significance  of  scattering  and  propagation  effects 
can  be  determined  from  the  quantity  2p/v  .  Figure  2  illustrates 
the  ranges  at  which  propagation  effects  begin  to  be  significant, 
as  t unctions  of  rainfall  rate  and  frequency.  The  propagation 
parameter  (p)  was  derived  from  computations  of  Oguchi  and 
Hosoya®  ,  and  the  amplitude  ratio  (v)  was  derived  from  computa¬ 
tions  of  Humphries'4.  Research  aimed  at  separating  propagation 
and  scattering  terms  in  the  received  signals  is  in  progress^. 


b  Oguchi,  T.  ,  and  Hosoya,  Y.,  1974:  Scattering  Properties  of 

Oblate  Raindrops  and  Cross  Polarization  of  Radio  Waves  Due  to 
Rain  (Part  II):  Calculations  at  Microwave  and  Millimeter  Wave 

Regions.  J.  Radio  Res .  Labs .  (Japan),  2\_,  191-259. 

7  Metcalf,  J.  I.,  1980:  Propagation  Effects  on  a  Coherent 

Polarization-Diversity  Radar.  19th  Conf.  Radar  Meteor.,  Amer. 
Meteor.  Soc. 
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RANGE  (km) 


RAINFALL  RATE  (nan  hr"1) 


Figure  2.  Relative  significance  of  scattering  and  propagation 
terms  in  rain.  Ranges  for  which  2p/v  =0.1  are  shown  as  func¬ 
tions  of  rainfall  rate  for  frequencies  of  4,  11,  and  34.8  GHz. 
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B.  SNOW 

Within  this  designation,  we  include  not  only  the  relatively 
simple  "single  crystal"  snow,  but  also  more  complicated  "aggre¬ 
gate"  snow  and  other  ice  forms  such  as  sleet  and  grnupel.  One 
important  objective  of  radar  observations  of  snow  is  identifica¬ 
tion,  i.e.,  detecting  snow  and  discriminating  it  from  rain.  The 
extent  to  which  this  can  be  done  varies  widely  according  to  the 
type  of  precipitation  and  other  factors. 

The  shape  of  snowflakes  should  be  measurable  in  the  same  ways 
as  that  of  rain  drops.  In  the  case  of  snow,  the  electromagnetic 
shape  may  or  may  not  be  related  to  the  physical  shape,  however, 
and  neither  is  related  to  particle  size  in  a  well-defined  wav. 
Single  crystal  forms  may  have  axial  ratios  between  0.1  and  10, 
but  these  rarely  grow  to  precipitation  size.  Precipitating  snow¬ 
flakes  tend  to  have  more  complicated  shapes  resulting  from 
multiple  crystal  growth  regimes  or  from  aggregation.  The  cir¬ 
cular  depolarization  ratio  obtained  from  measurements  of  such 
particles  at  16.5  0Hz  is  usually  small  (i.e.,  large  cancellation 
ratio),  approaching  -30  or  -AO  dll  in  some  cases,  and  the  cir¬ 
cularly  polarized  backscatter  component  in  the  transmission 
channel  is  essentially  unmeasurable  in  many  situations  with 
existing  radar  equipment. 

Because  snow  particle  shape  is  not  related  to  size  in  a  well- 
defined  way,  it  is  not  possible  to  estimate  particle  sizes 
directly  from  shape  measurements.  Particle  size  will  probably  be 
most  accurately  estimated  from  measurements  of  the  Doppler  fre¬ 
quency  shifts  associated  with  their  fall  speeds.  An  ambiguous 
estimate  of  particle  size  and  number  density  is  obtainable  from 
the  total  backscatter  reflectivity,  and  iL  may  be  that  the  use  of 
a  coherent  radar  will  permit  a  derivation  of  average  particle 
size.  It  may  be  possible  to  determine  number  densities  and  par¬ 
ticle  sizes  if  models  can  be  developed  to  relate  these  parameters 
to  the  total  reflectivity  and  characteristics  of  the  spectral 
functions. 

It  has  been  hypothesized  that  precipitating  snow,  unlike 
rain,  is  randomly  oriented  in  space.  One  objective  of  measure- 


merits  of  the  type  contemplated  in  this  design  project  is  to 
venty  that  tins  is  so.  Thus,  the  capability  of  deriving  the 
complex  cross  spectrum  t rom  circularly  polarized  backscatter 
signals  is  essential,  although  the  magnitude  of  the  cross  spec¬ 
trum  or  the  cross  correlation  is  likely  to  be  rather  small  (less 
than  about  0.3).  The  cross  correlation  or  cross  spectrum  may  be 
useful  for  classifying  ice  precipitation  in  an  empirical  way.  If 
snowflakes  tend  toward  random  orientation  as  hypothesized,  they 
constitute  .in  approximately  isotropic  propagation  medium.  Al¬ 
though  signals  ot  higher  frequencies  may  be  measurably  attenuated 
in  moderate  to  heavy  snow,  differential  attenuation  is  expected 
to  be  small.  Differential  phase  shift  will  also  be  small,  except 
in  conditions  where  the  particles  are  strongly  oriented  by  either 
aerodynamic  forces  (associated  with  crystal  shape)  or  electric 
fields.  Hence,  the  normalized  quantities  such  as  the  circular 
depolarization  ratio,  spectral  power  ratio,  cross  correlation, 
and  coherency  spectrum  will  usually  provide  valid  information  on 
the  scattering  medium  even  at  long  ranges  through  snow,  provided 
that  the  signal  strength  is  sufficient. 


C.  HAIL 

Identification  ot  hail  can  be  accomplished  to  some  extent  on 
the  basis  of  reflectivity  alone,  since  the  highest  observed  me¬ 
teorological  reflectivities  are  almost  always  associated  with 
large  haiL.  The  ident i t icat ion  ot  small  hail  and  the  interpreta¬ 
tion  of  cases  in  which  reflectivity  is  near  the  "threshold"  value 
tor  operational  hail  identification  require  the  evaluation  of 
other  backscatter  parameters.  Great  variation  in  reflectivity  is 
observed,  due  to  the  variety  of  forms  ot  hail,  such  as  "spongy" 
ice  or  water-coated  ice,  and  Mio  scatter  cross  section  variations 
with  hailstone  size.  The  effects  ot  these  variations  on  the 
polarization  parameters  is  not  known. 

Hail  at  the  surface  is  usually  observed  to  be  approximately 
spherical  in  shape,  although  irregularities  and  deviations  are 
common.  These  irregularities  give  rise  to  significant  depolari¬ 
zation  ot  both  linearly  and  circularly  polarized  signals.  In  the 
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case  of  circular  polarization,  circular  depolarization  ratios  of 
-10  dli  or  greater  (cancellation  ratio  of  10  dB  or  less)  have  been 
observed  at  3  GHz.  It  has  been  hypothesized  that  hail  aloft  is 
sufficiently  non-spherical  to  be  affected  by  aerodynamic  forces 
and  thus  to  have  a  preferred  orientation.  If  this  be  true,  then 
hail  shape  could  be  derived  from  either  circularly  polarized 
signals  in  two  receiver  channels  or  from  differential  reflec¬ 
tivity  measurements  using  linear  polarization.  Either  of  these 
measurements  could  be  contaminated  by  differential  attenuation, 
and  differential  phase  shift  could  contaminate  the  circular  po¬ 
larization  measurements  even  at  3  GHz.  Such  differential  propa¬ 
gation  effects  are  Likely  to  be  due  to  rain  in  the  intervening 
medium. 

The  size  of  hailstones  can  probably  be  derived  only  from 
characteristics  of  Doppler  spectral  functions.  Observations  at  3 
GHz  indicate  that  hail  is  randomly  oriented  in  space  (contrary  to 
the  hypothesis  mentioned  above)  and  thus  is  characterized  by  low 
values  of  cross  correlation  or  cross  spectrum.  If  the  presence 
of  hail  can  be  determined  in  a  particular  frequency  band  of  the 
spectral  functions,  then  the  size  of  hail  can  be  estimated  from 
the  corresponding  fall  speed.  Fall  speeds  of  hail,  rain,  and 
snow  are  shown  in  Figure  3.  The  use  of  Doppler  frequency  shift 
to  derive  hail  size  requires  that  measurements  be  made  at  a  radar 
elevation  angle  sufficiently  high  that  the  Doppler  component  due 
to  fall  speed  is  measurable.  This  criterion  is  discussed  further 
in  Section  III. 

Number  density  of  hail  can  be  determined  from  the  total  back- 
scatter  intensity,  provided  that  hail  size  is  determined  first. 
Otherwise,  the  size  and  number  density  are  ambiguously  related. 
Tlie  use  of  two  microwave  frequencies  (e.g.,  3  and  6  GHz)  to 
measure  the  frequency  dependence  of  the  total  backscatter  has 
resulted  in  some  success  in  identifying  hail  and  in  determining 
its  size  and  number  density. 

The  spatial  orientation  of  hail  is  of  interest  for  several 
reasons,  and,  as  implied  above,  disagreement  exists  as  to  whether 
hailstones  are  or  are  not  preferentially  oriented.  Methods 
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Figure  3.  Fall  speeds  of  rain,  hail,  and  snow  as  functions 
of  hydrometcor  size. 


similar  Co  Chose  employed  tor  rain  can  be  used  Co  measure  Che 
orienCacion  ob  hail.  Parameters  chac  seem  besC  suiced  for  de¬ 
riving  the  spatial  orientation  of  hail  are  either  the  magnitude 
and  phase  of  the  cross  correlation  of  the  spectral  coherency  and 
phase  computed  from  the  two  circularly  polarized  backscatter 
components. 

Significant  attenuation  can  occur  if  hail  is  present,  due  to 
both  the  hail  itself  and  heavy  rain  in  the  vicinity.  Differen¬ 
tial  propagation  effects  are  also  Likely  to  be  large,  leading  to 
depolarization  of  either  linearly  or  circularly  polarized  signals 
which  can  be  measurable  even  at  3  GHz.  The  cross  correlation  of 
circularly  polarized  signals  may  provide  valuable  information  in 
such  situations  since  differential  propagation  effects  appear  as 
an  increasing  magnitude  of  cross  correlation  with  range.  Large 
values  of  circular  depolarization  ratio  can  be  interpreted  as  due 
to  hail  backscatter  if  tne  cross  correlation  is  small.  If  tne 
cross  correlation  or  coherency  is  large,  then  the  corresponding 
large  values  of  depolarization  must  be  due  either  to  propagation 
effects  or  to  oriented  scatterers. 


D.  LIQUID  WATER  CLOUD 


The  distinction  between  precipitating  and  non-precipitating 
water  particles  is  somewhat  arbitrary,  given  that  fall  speed  is  a 
continuous  monotonic  function  of  drop  size.  The  dividing  point 
is  usually  taken  about  200um  diameter,  where  terminal  fall  speed 
is  about  0.8  m  see*' .  Weak  vertical  motions  which  are  present 
even  in  clouds  of  small  vertical  extent  are  sufficient  to  keep 
these  particles  suspended  indefinitely. 

because  so-called  cloud  water  drops  are  nearly  spherical  in 
shape,  they  may  be  expected  to  produce  negligible  depolariza 
Cion.  This  criterion  together  with  the  measurement  of  reflec¬ 
tivity  may  therefore  be  used  to  identify  liquid  water  clouds. 
The  formation  of  precipitation  should  be  accompanied  by  a  gradual 
increase  of  depolarization  as  well  as  a  rapid  increase  in  reflec¬ 
tivity.  The  depolarization  ratio  may  be  used  in  conjunction  with 
the  reflectivity  and  cross  correlation  to  document  the  formation 


of  precipitation  and  to  distinguish  between  depolarization  due  to 
rain  and  due  to  ice  crystals. 

Reflectivity  of  clouds  has  been  found  to  be  approximately 
proportional  to  the  square  of  the  liquid  water  content®.  This 
result  implies  that  the  size  distribution  of  water  drops  in 
clouds  is  relatively  narrow,  since  the  proportionality  would  be 
exact  if  all  the  drops  were  of  equal  size.  Water  content  ot 
various  types  of  clouds  ranges  from  less  than  0.1  gm  m-®  to 
several  grams  per  meter  cubed.  Typical  reflectivities  at  micro- 
wave  frequencies  are  shown  in  Figure  4. 

Since  depolarization  is  negligible,  both  in  scattering  and  in 
propagation,  across  the  entire  microwave  region,  only  tne  power 
spectrum  of  the  signal,  in  the  "main"  channel  (i.e.,  the  channel 
opposite  to  the  transmission  channel  in  the  case  ot  circular 
polarization)  will  contain  useful  information.  Specifically, 
mean  velocity  and  spectrum  width  provide  information  on  the  large 
and  small  scale  variations  of  air  velocity  in  the  cloud.  In 
cases  where  the  presence  of  ice  crystals  is  suspected  (or  cannot 
be  ruled  out  on  the  basis  of  temperature)  or  where  the  develop¬ 
ment  of  precipitation  is  anticipted,  the  other  spectral  functions 
should  be  available  from  the  radar  data. 

E.  ICE  CRYSTAL  CLOUDS 

Ice  crystals  of  non-precipitating  size  represent  what  is 
perhaps  the  least  documented  class  of  meteorological  scattering 
media.  Because  they  occur  both  in  thin  high-altitude  clouds  and 
in  the  upper  regions  of  clouds  producing  rain,  the  development  of 
techniques  and  equipment  for  observing  them  involves  considera¬ 
tion  both  of  the  scattering  and  propagation  characteristics  of 
the  ice  crystals  themselves  and  of  the  propagation  characteris¬ 
tics  of  other  hydrometeor  types. 

The  presence  of  ice  crystals  in  clouds  may  be  determined  by 
the  joint  use  of  radar  reflectivity  (typically  lower  than  in 
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Figure  4.  Reflectivity  of  liquid  water  clouds  as  a  function 
of  radar  frequency  for  typical  values  of  water  content. 


liquid  water  clouds),  depolarization  ratio  (non-zero  for  suffi¬ 
ciently  non-spherical  crystals),  orientation  parancters ,  and  in 
some  cases  propagation  parameters.  Reflectivity  of  ice  crystal 
clouds  is  approximately  proportional  to  the  square  of  the  water 
content,  but  is  about  6-7  dB  less  than  that  for  liquid  water 
clouds  ot  similar  water  content  because  of  the  different  dielec¬ 
tric  factor  for  ice.  A  wide  range  of  depolarization  ratios  are 
possible  as  a  result  of  the  various  shapes  of  ice  crystals. 
Calculations  of  backseat  ter ing  from  ice  ellipsoids  yield  circular 
depolarization  ratios  as  large  as  -7.5  dB  for  preferentially 
oriented  scatterers  with  an  axis-to-diameter  ratio  of  0.1. 

Because  ot  the  extreme  values  of  axis-to-diameter  ratios 
which  ice  crystals  may  attain,  relative  to  those  of  raindrops, 
significant  differential  propagation  effects  may  occur.  This  is 
particularly  true  if  the  crystals  are  preferentially  oriented  by 
aerodynamic  or  electrical  forces.  Such  effects  have  been  ob¬ 
served  in  radar  backscatter  at  16.5  GHz  and  in  satel lite-to- 
ground  communications  at  20  GHz.  The  propagation  effects  ob¬ 
served  by  radar  were  believed  to  be  due  to  ice  crystals  too  small 
to  be  detectable;  detectable  backscatter  from  greater  range  re¬ 
vealed  the  propagation  effects  in  the  intervening  space.  Dif¬ 
ferential  phase  shift  up  to  2.5  deg  km-^  was  calculated  from 
these  observations;  differential  attenuation  was  negligibly 
small.  With  the  differential  attenuation  so  small,  transmission 
on  only  one  circular  polarization  is  required  to  obtain  the 
orientation  angle  of  the  propagation  medium  (from  the  phase  of 
the  cross  correlation  between  the  two  circularly  polarized  re¬ 
ceived  signals),  it  propagation  effects  are  dominant.  Polariza¬ 
tion  switching  will  be  necessary  to  fully  document  situations  in 
which  scattering  and  propagation  effects  are  of  comparable  mag¬ 
nitudes  . 
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SECTION  III 
RADAR  SYSTEM  ANALYSIS 


A  radar  system  analysis  was  performed  to  determine  the  opti¬ 
mum  transmitting  frequency  and  other  radar  parameters  for  the 
various  measurement  scenarios.  The  only  system  attributes 
assumed  a  priori  were  coherence  and  polarization  diversity.  The 
optimum  radar  system  configuration  for  a  given  meteorological 
measurement  depends  on  the  measurement  scenario,  including  target 
type  (rain,  snow,  hail,  clouds),  propagation  medium  (clear  air, 
rain-filled),  target  range,  and  target  elevation  angle.  The  most 
important  radar  parameter  to  be  determined  is  the  radar  operating 
frequency,  which  is  extremely  dependent  on  the  measurement 
scenario.  For  example,  raindrop  shape  measurements  at  long  range 
through  a  rain-filled  propagation  medium  dictate  a  radar 
operating  frequency  in  S-band,  not  only  to  minimize  attenuation 
due  to  propagation  so  that  the  rain  in  the  resolution  cell  can  he 
detected,  but  also  to  minimize  depo lar izaton  due  to  propagation 
so  that  raindrop  shape  can  be  accurately  measured.  However, 
measurements  of  water  and/or  ice  clouds  through  a  clear  air  pro¬ 
pagation  medium  necessitate  a  higher  radar  frequency,  say  Ka- 
band ,  so  that  detection  can  occur.  No  one  single-band  radar 
system  wiLl  be  optimum  for  all  meteorological  measurements  of 
interest . 

Target  ranges  and  elevation  angles  are  considered  in  general 
in  Subsection  A.  Also  considered  are  ambiguity  trade-offs  be¬ 
tween  maximum  unambiguous  range  and  maximum  unambiguous  Doppler 
frequency.  Design  considerations  affecting  detection  of  the 
various  meteorological  targets  are  discussed  in  Subsection  B,  and 
polarization  factors  influencing  radar  design  are  considered  in 
Subsection  C.  The  utility  of  mu  1 1 ip  1 e- frequency  observations  and 
frequency  modulation  techniques  is  discussed  m  Subsection  D. 
The  results  of  the  analysis  are  summarized  in  Subsection  E. 
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A.  COVERAGE 


The  selection  of  area  coverage  for  the  radar  is  determined 
primarily  by  desired  measurements  of  target  characteristics  and 
secondarily  by  hardware/component  limitations.  Because  clouds 
and  precipitation  occur  within  the  troposphere,  we  selected  a 
nominal  maximum  altitude  of  14  km  for  analysis  of  the  radar 
scanning  geometry.  For  a  measurement  radar  located  on  the  sur¬ 
face  of  the  earth,  the  geometry  is  depicted  in  Figure  5.  The 
maximum  range  (using  a  4/3  earth  approximation)  is  a  function  of 
the  elevation  angle,  given  the  14  km  altitude  limit,  and  is 
graphed  in  Figure  6.  Here  we  see  a  rapid  increase  in  range  at 
angles  less  than  about  6  degrees.  The  fall  speeds  for  the  tar¬ 
gets  of  interest  are  indicated  in  Figure  3-  (Cloud  particles 
have  fall  speeds  less  than  about  0.3  m  sec'^  .)  The  velocity  com¬ 
ponent  along  the  radar-line-of-sight  (RLOS)  determines  the  ob¬ 
served  Doppler  frequency  of  the  target.  For  vertically  falling 
targets  (towards  center  of  earth)  the  velocity  components  along 
the  RLOS  is  proportional  to  the  sine  of  the  elevation  angle  at 
which  the  target  is  observed.  Since  Doppler  frequency  is  related 
to  the  velocity  by 

f d  “  2  Vrlqs/A  =  2Vfsin<}>/A  (2) 

the  Doppler  frequency  increases  with  increasing  elevation  angle 
and  with  decreasing  radar  wavelength.  For  target  classification 
purposes,  it  is  desirable  to  obtain  as  much  spread  in  Doppler  as 
possible.  Thus,  high  elevation  angles  and/or  high  frequencies 
(short  wavelengths)  are  advantageous. 

Slower  fail-speeds  are  mostly  associated  with  smaller  par¬ 
ticles  and  correspondingly  lower  reflectivity.  Many  target  data 
processing  applications  require  both  received  polarizations  to  be 
measured  with  significantly  high  signal-to-noise  ratios  (SNR). 
This  leads  to  a  higher  transmitted  power  requirement  or  reduced 
range  capability. 
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An  additional  constraint  on  the  measurement  capability  is 
introduced  by  the  angular  dependence  of  depolarization  in  the 
anisotropic  scattering  medium.  This  angular  dependence  is  best 
illustrated  by  rain,  since  the  raindrops  fall  as  oblate 
spheroids.  Depolarization  due  to  rain  will  be  largest  when  rain 
is  viewed  at  horizontal  incidence  and  near  zero  when  viewed  ver¬ 
tically.  The  power  ratio  for  circularly  polarized  signals  back- 
scattered  from  rain  varies  as  the  fourth  power  of  the  cosine  of 
the  elevation  angle.  The  angular  dependence  of  depolarization 
and  the  angular  dependence  of  the  Doppler  frequency  due  to  fall 
speed  (Equation  2)  are  shown  in  Figure  7.  This  figure  implies 
that  analyses  dependent  on  having  both  a  mesurable  Doppler  fre¬ 
quency  component  due  to  fall  speed  and  a  measurable  depolariza¬ 
tion  ratio  are  restricted  to  elevation  angles  between  about  15 
and  45  degrees. 

The  optimum  coverage  areas  for  the  desired  target  measure¬ 
ments  are  also  limited  by  a  combinaton  of  range  and  power  con¬ 
straints.  Optimum  coverage  parameters  are  summarized  in  Table 
1 .  The  remainder  of  the  radar  system  analysis  was  based  on  pro¬ 
viding  primary  area  coverage.  Measurements  at  lower  elevation 
angles  and  greater  ranges  will  be  possible  within  the  constraints 
of  propagation  effects  and  an  increasing  spatial  resolution  in¬ 
crement.  However,  the  capability  to  make  all  desired  measure¬ 
ments  at  long  range  will  be  limited. 

Range  and  Doppler  ambiguities  are  to  be  avoided  or  a  method 
for  resolving  them  must  be  incorporated  into  the  radar  design. 
Under  the  assumption  of  the  14  km  altitude  maximum,  the  maximum 
range  to  the  targets  as  a  function  of  elevation  angle  was  given 
in  Figure  6  versus  elevation  angle.  The  radar  Pulse  Repetition 
Frequency  (PRF)  required  to  maintain  unambiguous  range  informa¬ 
tion  is  governed  by  the  relation 

PRF  <  c/2r(<j>) 
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Figure  7.  Relative  target  velocity  along  rada^  line  of  sight 
(RIX)S)  due  to  fall  speed,  and  relative  circular  polarization 
power  ratio  (circular  depolarization  ratio)  in  rain,  as  func¬ 
tions  of  radar  elevation  angle. 


TABLE  1 .  SUMMARY  OF  COVERAGE 


PARAMETER 


COVERAGE 


Primary  Region 


Azimuth 

Elevation 

Range 

Doppler  Velocity 


0°  -  360° 
15°  -  90° 

0  -  40  km 
<20  m  sec"' 


Secondary  Region 


Azimuth 

Elevation 

Range 

Doppler  Velocity 


0°  -  360° 
0-15° 

0  -  200  km 
<20  m  sec-' 
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where  c  is  the  velocity  of  light  (3x10®  m  sec-1)  and  r (<+> )  is  the 
range  of  interest.  Figure  8  illustrates  the  PRF  constraints  as  a 
function  of  elevation  angle.  At  the  horizon  the  PRF  is  con¬ 
strained  to  be  less  than  307  Hz,  while  above  50  degrees  elevation 
PRF  can  exceed  10,000  Hz.  The  radar  designs  in  the  following 
sections  accommodate  this  wide  range  of  values. 

For  unambiguous  Doppler  measurements,  the  PRF  must  be  at 
least  twice  the  maximum  Doppler  frequency.  Using  the  PRF  con¬ 
straint  versus  elevation  from  Figure  8, 


PKF<„>  >  2f„  -  2  [2  VKL0S/»1  -  4  VRLQS  fQ/c 


Solving  for  frequency,  f  ,  we  obtain 


fQ  <  c  PRF(4>) /  (4  VRL0S/X) 


(3) 


(4) 


Figure  9  shows  this  result  for  various  values  of  VRLOg.  For  the 
primary  measurement  area  of  40  km  range  and  a  nominal  minimum 
elevation  angle  of  15  degrees,  the  frequencies  of  the  radar 
should  be  less  than  56,  26,  and  13  GHz  for  line-of-sight  veloci¬ 
ties  of  5,  10,  and  20  m  sec-1,  respectively.  It  must  be 
remembered  that  incorporates  the  components  of  velocity  due 
to  the  fall  speed  and  horizontal  wind,  and  applications  of  the 
frequency  constraint  curves  should  account  for  expected  veloci¬ 
ties  along  the  radar-line-of-sight ,  not  necessarily  absolute 
maximums . 


b.  DETECTION 

Target  detectability  is  a  basic  criterion  for  meteorological 
radar  measurements.  'target  detection  depends  on  the  target  radar 
cross  section  (RCS) ,  radar  characteristics  such  as  transmitting 
frequency,  peak  power,  pulse  width,  beamwidth,  etc.,  and  propaga¬ 
tion  effects.  Of  the  meteorological  targets  and  propagation 
media  under  consideration,  only  rain  is  amenable  to  an  analytical 
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ELEVATION  ANGLE  (deg) 


90 


Figure  9.  Maximum  radar  transmitting  frequency  as  a  function 
of  elevation  angle,  for  unambiguous  range  measurement  and 
unambiguous  Doppler  velocity  limits  shown.  Acceptable  fre¬ 
quencies  are  to  the  left  of  the  plotted  curves. 
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expression  for  RCS.  Hence,  the  following  discussion  relates 
primarily  to  rain  and  secondarily  to  other  target  types. 

For  simplicity,  detection  criteria  for  rain  was  based  on  a 
spherical  raindrop  model.  The  RCS  for  a  single  spherical  rain¬ 
drop,  assuming  Rayleigh  scattering  (D<<\),  is  given  by 

o  =  (*5/X4  }  |K [ 2  D6  (5) 

where  K  =  (e  -  1 )/ (e  +  2)  ,  A  is  the  transmitted  wavelength,  D 
is  the  diameter  of  the  raindrop,  and  e  is  the  complex  dielectric 
constant  of  water.  Although  e  varies  greatly  over  radar 
operating  frequencies,  |  K  |  ^  remains  relatively  constant  and  is 
numerically  equal  to  approximately  0.93.  The  total  RCS  for  a 
large  group  of  spherical  raindrops  in  the  resolution  volume 
(cell)  of  the  radar  is  determined  by  summing  the  RCS  of  raindrops 
in  that  volume.  The  reflectivity  (n)  is  defined  as  the  total  RCS 
per  unit  volume  and  is  related  to  the  reflectivity  factor  L  by 
the  relation 

^5 

n  -  —  |  K  j  2  L  x  10'10  (6) 

X4 

where  X  is  given  in  centimeters  and  L  in  the  customary  units  of 
mm^m-^.  For  a  Marshall-Palmer^  raindrop  sixe  distribution,  re¬ 
flectivity  is  given  by 

n  =  (2  x  10'8)  i.5  |  K  | 2  R1  -V4  (7) 

where  n  is  reflectivity  (m-^),  R  is  rainfall  rate  (mm  hr-^ ) ,  X  is 
wavelength  (cm) . 

A  graph  of  n  versus  frequency,  f  =  c/x  ,  is  shown  in  Figure 

9  Marshall,  J.  S.,  and  Palmer,  W.  M. ,  1948:  The  Distribution  of 
Raindrops  With  Si/.e.  J.  Meteor .  ,  5,  165-1 bb. 


27 


10  for  rain  rates  of  1  ,  5,  10,  and  50  mm  hr-'  .  The  solid  lines 
in  Figure  10  indicate  the  range  in  which  the  Rayleigh  approxima¬ 
tion  to  the  backscatter  is  valid.  The  broken  lines  are  continua¬ 
tions  of  the  Rayleigh  scattering  approximation  into  regions  where 
Mie  scattering  effects  can  generally  not  be  neglected.  Also 
plotted  are  the  values  of  n  for  the  various  rain  rates  at  f  =  16, 
24.2,  and  35  GHz;  these  points  are  based  on  Z-R  relationships 
calculated  by  Wexler  and  Atlas' which  were  based  on  Mie  back- 
scattering  cross  sections.  As  expected,  the  Rayleigh  scattering 
approximation  is  poorest  at  large  rain  rates  (large  drop  sizes) 
and  high  frequencies  (short  A). 

An  analysis  of  snow  reflectivity  is  not  possible  due  to  the 
irregularity  of  the  size  and  shape  of  snowflakes.  However,  from 
various  snowfall  measurements,  the  following  empirical  relation 
has  emerged: 

n  =  (2  x  10-7)  it5  |  K  |  2  R2  A'4  (8) 

where  R  (mm  hr*'  )  is  the  precipitation  rate  when  the  snow  has 
melted  and  A  is  in  centimeters.  The  dielectric  factor  |  K  |  ^  now 
has  an  approximate  value  of  0.197.  A  plot  of  n  versus  f  is  shown 
in  Figure  11  for  precipitation  rates  of  1,  5,  10,  15,  and  20  mm 
hr-'.  Note  that  snow  reflectivity  is  greater  than  rain  reflec¬ 
tivity  for  all  but  the  negligible  precipitation  rates;  this  is 
because  snow  falls  much  slower  than  rain,  and  the  number  density 
of  snowflakes  must  be  greater  than  that  of  rain  drops  to  achieve 
an  equivalent  precipitation  rate. 

Reflectivity  factors  as  high  as  Z  =  4x1  0^  mm^  m-^  have  been 
observed  for  hail  in  thunderstorms.  This  corresponds  to  a  re¬ 
flectivity  of  n  =  3x10-<?+  m"^  ,  or  -35  dB,  at  X-band.  Douglas'' 

Wexler,  R.,  and  Atlas,  D. ,  1963:  Radar  Reflectivity  and 
Attenuation  of  Rain.  J .  Appl .  Meteor .  ,  _2_,  276-280. 

''  Douglas,  R.  H. ,  1964:  Hail  Size  Distribution.  Proc .  11th 
Wea.  Radar  Conf. ,  Amer.  Meteor.  Soc.,  146-149. 
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REFLECTIVITY,  CROSS-SECTION  PER  UNIT  VOLUME  (dB  relative  to 


Figure  10.  Reflectivity  of  rain.  Solid  lines  represent  Rayleigh 
scattering  approximation  over  its  range  of  validity.  Broken  lines 
are  extrapolations  of  Rayleigh  approximation  to  higher  frequencies. 
Dots  are  calculated  for  Mie  scattering. 
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REFLECTIVITY  (dB  relative  to 


Figure  11.  Reflectivity  of  snow,  based  on  Rayleigh  scattering. 
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found  that  for  wet  hail, 


Z  =  16000R0'97  imn6rn~ 3  for  f  =  9.1  GHz  (9) 

Z  =  42000R^‘94  mm^m  ^  for  f  =  3  GHz  (10) 

and  for  dry  hail, 

Z  =  4200R^'97  mm^m  ^  for  i  =9.1  GHz  (11) 

Z  =  IIOOOR^'97  trim^iri  for  f  =  3  GHz  (12) 


Using  the  value  10^  as  a  represent'd  t.  i  ve  value  tor  the  coefficient 
of  R,  we  obtain 


n  =  10'6  it5  | K  |  2  R0,97  X-4  (13) 

where  R  (mm  hr-^)  is  the  precipitation  rate  when  the  hail  has 
melted  and  X  is  in  centimeters. 

Atlas^  found  for  clouds, 

n  =  (4.8x10~12)  /J  |  K  i 2  M2  X-4  (14) 

where  M  is  water  content  in  grams  per  meter  cubed  and  |K|"  =  0.93 
for  water  clouds  and  0.197  for  ice  clouds. 

We  can  summarize  the  foregoing  results  for  the  assumed 
Rayleigh  scattering  with  the  relation 

n  =  A  X-4(m'1 )  (1  5) 


where : 


z  Atlas,  D. ,  1954:  The  Estimation  of  Cloud  Parameters  By 
Radar.  J.  Meteor.,  11,  309-317. 
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A  =  (2x10  H)  nr>  |  K  |  ~  H1't’  ---  ,r>  .(>0x10 


I <  >  r  ra  i  n 


A  =  (2x10  7)  |Kj2  K“  =  1.21x10  bR2 
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( SNR)  as  a  function  of  radar  and  larval  parameters,  must  he  con¬ 
sidered  to  determine  the  values  ot  the  transmitting  frequency  and 
other  radar  parameters  that  maximize  the  probability  ot  detecting 
hydrometeor  targets.  The  single  pulse  SNK  for  a  radar  detecting 
a  hydrometeor  target  is 


_4  v  ■> 
10  l>  G  nVr 


SNR  = 


(  4  r;  )  FkTBr  1 ,  1 

s  p 


(  10  ) 


whe  re 


peak  transmitted  power 

V 
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ref  1 ec  t i v i t  y 
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t ransmi tted  wavelength 
range 

speed  of  light 
pulse  width 

elevation  beamwidth  (radians) 

azimuth  beamwidth  (radians) 

noise  figure 

Boltzmann's  constant 

temperature 

receiver  bandwidth  = 

total  system  losses 

total  propagation  losses 


X  is  in  centimeters  and  all  other  quantities  are  in  the  MKS  sys¬ 
tem  of  units 

Propagation  losses  can  be  written  as 


L  =  e°  •  46y  ( i ) r  (17) 

P 

where  y(X)  is  the  one-way  loss  (coefficient  of  attenuation)  in 
decibels  per  unit  length. 

Consideration  is  now  given  to  the  frequency  dependence  of  the 

2 

SNR.  Besides  the  explicit  dependence  of  the  SNR  on  X  ,  it  also 
depends  implicitly  on  X  through  its  dependence  on  n  and  y(X). 
Wavelength  can  have  a  second  order  effect  through  its  possible 
influence  on  Pt,  F,  and  Ls ,  but  these  effects  will  be  ignored 
here.  The  SNR  can  be  divided  into  a  X-dependent  factor  and  a  X- 
independent  factor, 

SNR  =  KX_2e0,4Y(X)r  (18) 


The  X  -  independent  factor  K.  (not  to  be  confused  with  the  dielec¬ 
tric  factor  in  the  reflectivity  formulations)  is  given  by 

1 O'4*2?  t2Ac 

K  - - - —  (19) 

bl  2  0  FkTr 2 1. 

el  az  s 
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.SNK/K(dB) 


r  (  A  )r 


20  1  og  A 


(20) 


Antenna  parameters  are  assumed  to  be  varied  with  A  in  such  a 
manner  as  to  render  6  ,  and  0  constant  and  independent  of  A  . 

The  propagation  medium  must  now  be  specified  to  proceed 
further.  Two  scenarios  arc  investigated:  a  clear  air,  high 

humidity  propagation  medium,  and  a  rain-filled  propagation 
medium.  The  coefficient,  of  attenuation  ,  y  ( A  )  ,  can  be  written  as 


y(A)  =  -y G ( A )  +  yr(A)  (21) 

where  y  (A)  is  due  to  absorption  of  radiation  by  gaseous  oxygen 

W 

and  water,  and  y  (A)  is  due  to  attenuation  of  radiation  by  rain 


presen t 


propagation  medium. 


c  lea  r 


medium,  yu(A)=0,  and  Van  Vleck1,1  has  shown  that  >  „  ( A  )  in  dB  km  1 

U  VI 

is  given  by 


_0  A  v  Av  Avn 

Tc  _  ^  {0.34  [—779  9  +  77j  ^  o  +  ZT  9  5  J 

A  “+  Av~  ( 2+  A  )  +  Av;  ( 2- A  +  A  v  ^ 


A  v  A  v 

+  0.0035  p  [  3T - +  - T - S - o  j  1  (22) 

(A  -0.741)"  +  Av  ^  (A  +0.741)z  +  Av 


where  Av^  =  0.018,  Av^  =  0.049,  &v,{  =  0.087,  A  is  in  centimeters, 

and  p  is  the  absolute  humidity.  A  graph  of  y  (A)  versus  A  is 

G 


J  Van  Vleck,  .  !).,  1947:  Absorption  of  Microwaves  by  Oxygen 
and  The  Absorption  of  Microwaves  by  Uncondensed  Water  Vapor. 
Phys.  Rev.,  71,  425-433. 
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(saturated  air  at  ordinary 


shown  in  Figure  12  Lor  p  =  20  gm 
temperatures )  . 

For  y(V)  =  YG(i),  graphs  of  SNR/K(dB)  versus  x  Lor  a  clear 
air  medium  are  shown  in  Figure  Id  for  r  =  1,10,40,  and  100  km. 
The  peaks  in  the  SNR/K  vs.  X  curves  occur  at  values  of  X  that 
depend  on  range.  The  values  of  X  for  which  these  peaks  occur, 
for  X>0.5  cm,  are  given  in  Table  2. 

In  the  primary  region  of  coverage  (as  defined  in  Subsection 
A)  where  target  ranges  vary  from  0  to  40  km,  the  first  maximum  in 
a  given  SNR/K  vs.  X  curve  is  always  greater  than  the  second  maxi¬ 
mum.  Thus,  in  this  region,  the  transmitting  frequency  that  maxi¬ 
mizes  the  probability  of  detection  of  meteorological  targets  in  a 
clear  air  propagation  scenario  is  in  the  low  millimeter  wave 
band,  or  K„-band.  The  next  optimum  operation  frequency  is  in  K,.- 

1  —  1  ■  ft'  . "  ■  U 

band  or  X-hand. 


TABLE  2.  WAVELENGTH  AND  FREQUENCY  FOR  WHICH 
NORMALIZED  SIGNAL  TO  NOISE  RATIO  IS 
MAXIMUM  (PROPAGATION  THROUGH  CLEAR  AIR) 

r (km)  First  SNR/K  Maximum  Second  SNR/K  Maximum 


1 

10 

40 

100 


0.60  cm  (50  GHz) 
0.75  cm  (40  GHz) 
0.80  cm  (38  GHz) 
0.85  cm  (35  GHz) 


1.85  cm  (16.2  GHz) 
2.10  cm  (14.3  GHz) 
2.50  cm  (12.0  GHz) 


The  coefficient,  of  attenuation  is  given  by  Equation  (21)  if 
the  propagation  medium  is  rain-filled;  i.e.,  ^  ^  C  X  )  must  now  be 
included  in  y(X).  Burrows  and  Atwood^  have  given  values 
for  Yp(A)  for  various  rain  rates  and  transmitting  frequencies. 


1  "*  Burrows,  C.  H .  ,  and  Atwood,  S.  S.  ,  1049:  Radio  Wave  Propa¬ 
gation  ,  Consolidated  Summary  Technical  Report  of  the  Committee  on 
Propagation,  NDKC ,  Academic  Press ,  New  York. 
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Figure  12.  Attenuation  coefficient  for  absorption  by  oxygen 
and  water  vapor. 


NORMALIZED  SIGNAL- TO-NOISE  RATIO  (dB) 


Figure  13.  Normalized  signal-to-noise  ratio  for  observation 
of  meteorological  targets  through  humid  clear  air. 
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Using  these  values  and  interpolating  between  them,  graphs 
of  y(X)  versus  X  are  shown  in  Figure  14  for  various  rain  rates. 

For  a  moderate  rain  rate  of  12.5  mm  hr~^  (1/2  in  hr~^), 
graphs  of  SNR/K(dB)  versus  X  for  a  rain-filled  medium  are  shown 
in  Figure  15  for  various  ranges.  Again,  the  peaks  in  the  SNR/K 
vs.  X  curves  occur  at  values  of  X  that  depend  on  range.  The 
values  of  X  at  which  these  peaks  occur  are  given  in  Table  3. 

The  optimum  operating  frequency  for  transmitting  through  a 
rain-filled  medium  is  anywhere  from  S-band  to  Ka-band  depending 
on  target  range.  The  optimum  transmitting  frequency  band  for 
target  ranges  up  to  40  km  is  apparently,  from  Figure  15,  4  GHz  to 
6  GHz.  In  this  band  of  frequencies,  SNR/K  does  not  fall  below 
-20  dti  for  target  ranges  up  to  40  km.  Lower  frequencies  are 
optimal  for  targets  at  longer  ranges.  Therefore,  the  optimal 
transmitting  frequency  for  detecting  hydrometeor  targets  in  a 


moderate  rainfall  propagation  medium  is  in  S-band  or  C-band. 


TABLE  3.  WAVELENGTH  AND  FREQUENCY  FOR  WHICH 
NORMALIZED  SLGNAL-T0-N01SK  RATIO  IS 
MAXIMUM  (PROPAGATION  THROUGH  MODERATE  RAIN) 


r  (km) 


SNR/K  Maximum 
0.85  cm  (35  GHz) 
3.3  cm  (9  GHz) 
6.0  cm  (5  G Hz ) 

7.1  cm  (4.2  GHz) 

9.1  cm  (3.3  GHz) 


Graphs  of  SNR/K  versus  X  tor  targets  at  the  maximum  range  in 
the  primary  region  ot  coverage  (40  km)  are  shown  in  Figure  16  for 
various  rainfall  rates.  A  transmitting  frequency  in  X-band,  Ku- 
band,  or  even  K  -band  would  be  adequate  for  detecting  meteoro¬ 
logical  targets  in  a  light  rain  propagation  medium. 

The  optimum  transmitting  frequency  bands  tor  defection  of  me¬ 
teorological  targets  lor  various  target  ranges  and  propagation 


ATTENUATION  COEFFICIENT  (dB  km 


WAVELENGTH  (cm) 


Figure  14.  Attenuation  coefficient  due  to  absorption  by 
atmospheric  gases  and  rain. 
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NORMALIZED  SIGNAL-TO-NOISE  RATIO  (dB) 


NORMALIZED  S IGNAL-TO- NOISE  RATIO  (dB) 


FREQUENCY  (GHz) 


WAVELENGTH  (cm) 


Figure  16.  Normalized  signal-to-noise  ratio  [or  observation 
of  meteorological  targets  through  rain  at  a  distance  of  40  km. 


i 


f 


I 

! 

I 


f 

i 


scenarios  are  summarized  in  Table  4.  The  choice  of  one  trans¬ 
mitting  frequency  Lor  all  measurement  scenarios  is  obviously  an 
exercise  in  compromise.  Lite-  adequacy  oi  a  chosen  frequency  can 
be  evaluated  by  determining  whether  an  adequate  SNR  tor  detection 
can  be  obtained  Lor  each  target  train,  snow ,  hail,  clouds)  at 
that  Lrequeucv.  KaU.it'  p,»r.*..iel  «Ts  sucti  as  pil.se  length,  beaf.- 
width  ,  and  peak  powe  r  muw  t  i)e  :.,.ec  i  t  led  .  .el  ore  ca  I  cu  1  a  1 1  :tg.  i  tie 
SNR  for  a  given  measurement  scenario.  The re  to re ,  tne  ranges  of 
acceptable  pulse  widths  and  bea.nwidths  and  an  adequate  SNR  for 
detection  will  now  be  specified.  Tiled  tor  a  chosen  radar  fre¬ 
quency  and  measurement  scenario,  the  peas  power  required  for 
detection  of  each  target  will  he  determined,  as  a  function  of 
acceptable  pulse  widths  and  beat  twidt  hs .  It  the  peak  power  thus 
determined  is  within  an  acceptable  (attainable)  range,  then  the 
chosen  frequency  will  be  adequate. 

TABLE  4.  OPTIMUM  IRAN  SMI TT1NG  1  KM  H 'KN  ilY  BANDS 
FOR  METEOROLOGICAL  TARGE i  DETECTION 

PROPAGATION  SGENAulO 


Target  Ranges 

Clear  Air 

Eight 

Rain tali 

1  lode  rate 

Rain  L  a  1 1 

Near  (0-2  km) 

Low  ww, 

Ka 

Ka 

Ka 

Primary  Coverage 

Low  mm, 

ka 

Ka>  Ku-  X 

C 

Region  (0-40  km) 

Far  (40-100  km) 

Ka-  KU- 

X 

X 

c,  s 

Since  tile  SNR 

i  lit  t  eases 

«’  t  »~i 

t  lie  squa  re  o  ! 

the  pulse  width 

wide  pulse  would  t>e  liesirable  to  enhance  detection  probability. 

ls<  ,  a  ^ide  pulse  is  desirable  tor  coherent  radars,  since 
'(■mi  ill  v  i.  ■<  liiiu  ence  is  lost  during  pulse  rise  and  fall  times, 
i  hu  tt;e  ic|  it  i  vo  amount  ol  t  ime  that  coherence  is  maintained 
a  ;ii:  i  pul  se  increases  with  pulse  width,  and  coherent  Doppler 


processing  capability  is  enhanced.  Range  resolution,  ct/2,  is  a 
factor  that  drives  the  pulse  width  down.  However,  this  is  not 
generally  a  problem  in  weather  radars  since  the  along-range  di¬ 
mension  of  meteorological  targets  tend  to  be  large  compared 
to  ct/2.  Therefore,  a  pulse  width  in  the  range  of  0.5  to  2 
microseconds  seems  reasonable. 

Since  the  SNR  increases  with  decreasing  antenna  beamwidth,  a 
small  beamwidth  would  be  desirable  to  enhance  detection  proba¬ 
bility.  However,  a  lower  bound  on  beamwidth  is  required  to  keep 
antenna  size  reasonable,  since  beamwidth  is  inversely  propor¬ 
tional  to  the  antenna's  diameter.  For  example,  a  0. 5-degree 
beamwidth  at  X-band  requires  a  14- foot  antenna.  Assuming  a 
pencil  beam  such  that  6^  =  e  ,  a  beamwidth  in  the  range  of  0.5 
to  2  degrees  (8.7  to  35  mrad)  seems  reasonable.  A  single  pulse 
SNR  of  10  dB  is  adequate  for  detection. 

A  rain-filled  propagation  medium  (R  =  1 2 .  b  mm  hr-')  with  the 
target  at  the  maximum  range  (40  kin)  of  the  primary  coverage  re¬ 
gion  was  chosen  for  the  measurement  scenario.  A  light  precipita¬ 
tion  rate  of  5  mm  hr~^  is  chosen  for  the  precipitation  targets 
(rain,  snow,  hail),  and  a  water  content  of  1  gm  nf-  was  chosen 
for  the  cloud  targets. 

An  S-band  frequency  of  3  GHz  and  an  X-band  frequency  of  10 
QHz  were  chosen  for  the  transmitting  frequencies.  Thus,  from 
Figure  15,  SNR/K  =  -20  dB  for  3  GHz  and  SNK/K  =  -31  dB  tor  10  GHz 
for  the  above  measurement  scenario.  A  receiver  noise  figure  ol  3 
dB  and  a  system  loss  of  7  dB  were  chosen. 

Using  these  parameters,  we  obtained  the  graph  of  P. 

2  2  L 

versus  9  /i  shown  in  Figure  17  for  the  different  targets.  In 

the  ranges  of  acceptable  pulse  widths  and  beamwidths,  the  peak 

power  required  for  detection  of  the  precipitation  targets  varies 

from  a  low  of  11.5  W  to  a  high  of  117  kW.  Transmitters  at  S-  to 

X-band  with  peak  powers  in  this  range  .ire  readily  available. 

However,  the  peak  [lower  required  lor  the  detection  of  clouds 

varies  from  2.57  MW  to  39.3  GW.  Clearly  then,  a  transmitting, 


frequency  in  the  S-  m  X-band  is  not  adequate  for  the  detection 
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r  a  ranee  oi  beamwidths  and  pu  1  sow i  dt. hs  . 


of  clouds  in  the  above  measurement  scenario.  A  15  to  30  dB 
reduction  in  the  required  peak  power  is  needed  to  bring  it  down 
to  a  realistic  range  attainable  by  radar  transmitters.  This 
reduction  would  have  to  be  balanced  by  a  corresponding  increase 
of  15  to  30  dB  elsewhere  in  the  radar  equation  to  maintain  a  10 
dB  SNR.  instead  of  a  SNR/K  =  -20  dB ,  SNR/K  must  now  be  no 
smaller  than  -5  dB  for  the  same  measurement  scenario.  Cloud 
detection  thus  requires  a  different  measurement  scenario,  i.e., 
shorter  target  range,  and  a  clear  air  or  light  rainfall 
propagation  medium.  For  example,  water  cloud  detection  is 
possible  with  a  radar  transmitting  frequency  in  X- ,  K^- ,  or 
Ka-band  and  a  peak  power  of  100  kW  for  cloud  ranges  of  10  km  or 
less  in  a  propagation  medium  with  rainfall  of  2.5  mm  hr“^  or 
less.  Optimal  cloud  detection  occurs  in  clear  air,  short  target 
range  scenarios  with  a  radar  transmitting  frequency  in  Ka-band. 

Cloud  detection  at  lower  radar  transmitting  frequencies  is 
also  possible  at  shorter  target  ranges  with  the  high  power  trans¬ 
mitters  currently  available  at  those  frequencies.  For  example, 
with  an  operating  frequency  of  3  GHz  and  a  peak  power  of  1  MW, 
the  maximum  cloud  detection  range  is  approximately  6  km  for  a  one 
microsecond  pulse  width  and  a  one-degree  beamwidth. 

In  conclusion,  while  no  one  transmitting  frequency  is  optimum 
for  detecting  all  meteorological  targets  in  all  measurement 
scenarios,  a  transmitting  frequency  in  the  S-  to  X-band  range  is 
adequate  for  detecting  all  precipitation  targets  for  all  propaga¬ 
tion  scenarios  and  all  the  target  ranges  depicted  in  Table  4. 
(X-band  frequencies  may  prove  inadequate  for  very  long-range 
targets  in  the  moderate  rainfall  propagation  scenario.)  Cloud 
detection  is  possible  at  short  target  ranges  in  clear  air  or 
light  rainfall  propagation  media  and  with  high  (Ka-band)  trans¬ 
mitting  frequencies.  In  addition  to  cloud  detection,  a  frequency 
in  Ka-band  is  optimal  or  adequate  for  precipitation  target  detec¬ 
tion  in  some  other  measurement  scenarios,  such  as  clear  air/light 
rainfall  in  the  primary  coverage  region  and  moderate  rainfall  at 
short  ranges.  Cloud  detection  is  also  possible  at  low  (S-band) 
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t  ransmi it  ing  frequencies  at  short  range  with  high  transmitted 
power . 

C'.  POLARIZATION 

Ttie  measurement  of  hydrometeor  shape  and  orientation  parame¬ 
ters  requires  the  reception  of  signals  with  polarization  identi¬ 
cal  and  opposite  to  that  of  tin-  transmitted  signal.  The  pre¬ 
ceding  subsection  dealt  with  the  detection  of  the  "main"  signal 
(i.e.,  tiie  parallel-polarized  linear  component  or  the  opposite- 
sense  circular  component).  Because  ttie  power  in  the  "orthogonal " 
signal  (i.e.,  the  cross-polarized  linear  component  or  the  same- 
sense  circular  component)  is  typically  10  to  30  dB  or  more  below 
that  of  the  main  signal,  the  sensitivity  ot  the  radar  must  In- 
increased  accordingly  over  that  required  for  marginal  detection 
of  the  main  signal.  Achieving  the  required  system  sensitivity  is 
not  generally  difficult.  The  measurement  of  the  orthogonal 
signal  appears  to  be  limited  primarily  by  the  isolation  between 
the  two  channels  at  the  antenna.  The  accurate  interpretation  of 
the  orthogonal  signal  and  of  its  cross-correlation  with  the  main 
signal  depends  on  the  extent  to  which  it  is  contaminated  due  to 
lack  of  channel  isolation  and  due  to  depolarizing  effects  in  tin- 
propagation  medium. 

A  meteorological  rosea  r«*h  radar  with  polarization  divers!  t\ 
should  be  capable  of  transmitting  and  receiving  right  and  leM 
circular  polarizations  and  linear  polarization  of  arbitrate 
orientation  to  maximize  polarization  measurement  capability.  K>r 
example,  a  radar  with  both  linear  and  circular  polarization  di¬ 
versity  provides  the  maximum  versatility  in  raindrop  canting 
angle  measurements,  in  that  at  least  throe  methods  are  available 
for  the  measurement.  In  the  l  i  rst  method,  circular  polarization 
is  transmitted  and  canting  angl<  is  determined  from  the  phase  < .  f 
the  <•  ross-eor  re  1  a  t  i  on  of  the  two  received  signals.  In  the  sec.  md 
roe  tiled  ,  canting  angle  is;  determined  by  transmitting  linear  po¬ 
larization  and  rotating  the  plan.  <  .t  p«>  1  a  r  i  za  t  i .  >n  until  tie  de¬ 
polarization  is  minimized.  finally,  iri  the  third  method,  i!  he  t  h 
linear  and  circular  polarization.',  are  transmitted  sequentially. 
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then  cant  inti  angle  can  he  determined  from  the  ra  tie  o!  signal: 
received  in  the  linear  and  circular  orthogonal  ciiannels.  ellip¬ 
tical  polari/at  ion  could  be  useful  for  a  few  purposes,  such  as 
evaluation  ot  rain  clutter  cancellation  techniques,  but  is  not  as; 
important  as  eireular  and  linear  polarizations  for  the  typ<  <>i 
measu rrtnet:  t  s  ue  coritemplato, 

The  main  si  feet  polarization  has  on  the  choice  ot  an 
opera  tins  radar  frequency  is  through  depolarization  ot  the  signal 
in  the  propagation  medium.  Information  about  the  tnetourologi  ca  1 
targets  in  the  resolution  cell  can  be  obtained  through  target- 
induced  depolarization  of  the  signal.  However ,  it  any  signal 
depolarization  occurs  in  the  propagation  medium,  then  target- 
induced  depolarization  effects  are  masked.  It  target  depolari¬ 
zation  charactorist ics  are  desired,  then  the  transmitting  fre¬ 
quency  that  maximizes  the  ratio  of  the  target  induced  depolariza¬ 
tion  to  propagation  induced  depolarization  is  appropr i ate . 

Depolarization  effects  are  negligible  in  a  clear  air  propaga¬ 
tion  medium.  Therefore,  since  target  induced  depolarization  is 
nearly  independent  of  operating  frequency ,  at  least  in  the 
Rayleigh  scattering  approximation,  any  radar  transmitting  fre¬ 
quency  is  acceptable  as  far  as  polarization  is  concerned .  in  a 
rain-filled  propagation  medium,  depolarization  increases  with 
transmitting  frequency  and  path  length.  Therefore,  the  lowest 
allowable  transmitting  frequency  should  be  chosen  to  minimize 
propagation  depolarization  effects.  This  is  demonstrated  in 
Figure  2  of  Section  II.  There,  a  measure  ot  t  lie  ratio  ol  propa¬ 
gation-induced  depolarization  to  target- i nduced  depolarization  is 
given  by  the  quantity  2p/v.  Propagation  induced  depolarization 
effects  can  be  neglected  when  2p/v  «.  0.1.  Therefore ,  from  Figure 
■  ’  ,  short,  target  ranges  and  low  radar  transmitting  f  requeue  i  ot-  are 
necessary  to  negate  propagation  depolarization  efforts  when  light 
rain  is  in  the  propagation  medium.  For  example,  for  li-2  mm  hr-1 
and  r  =  f>  km,  the  radar  opera  i  i  ng  frequency  must  be  A  GHz  or  loss 
for  2  p  /  v  >»  0.1. 
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Propagation  depo  1  ar  i  /.a  t  i  on  i  licet,;-.  through  rain  can  bo 
great  1  y  reduced  with  tin-  use  o|  linear  polari/.at  i('n .  Theoreti¬ 
cally,  propagation  depo  1  a  r  i  /.a  t  imi  effects  can  lie  virtually 
eliminated  it  the  plane  of  po  1  a  r  i /a  t  i  oi.  is  aligned  with  one  ot 

the  mean  principal  axes  ol  t  he  ra  i  ml  r.>|  ;  i  ,  the  po  la  r  i/.a  tiuii 

v('c  tor  is  aligned  with,  or  at  ripi.i  angles  t  o ,  the-  mean  canting 

ang.lt-  ol  the  raindrops  in  the  propaga;  ion  medium..  However,  ll 

the  target  is  this  same  col  lee!  i<u,  ol  raindrops,  then  target- 
induced  depolarization  is-  also  minimized  anti  available  in  tor  mu. - 
t  ion  is  lost  .  1  .inear  polarization  is  effect  ivo  in  scenarios 

where  the  radar  is  observing  ha  i  1  or  snow  through  rain.  Both 
horizontal  and  vertical  polarizations  must  be  transmitted  to  gain 
the  same  amount  of  polarization  information  as  is  obtainable-  with 
a  circularly  polarized  signal.  These  transmitted  polarizations 
should  be  as  close  together  in  t.  i  me  as  possible.  Pul  se-to-pul  se 
polarization  agility  would  lie  desirable. 

In  conclusion,  while  detection  criteria  of  precipitation 
targets  allow  an  operating  1  requency  in  the  fj-  to  X-band  range, 

polarization  ooris  idera  t  i  oris  drive  the  ehoj  ee  ol  frequency  to  the 

lower  end  of  that  spectrum,  i  ,  to  S-band .  An  8-band  frequency 

is  also  adequate  for  cloud  detection  at  short  ranges  with  high 

power  transmitters.  optimum  cloud  d«  tectioti  occurs  at  high 
transmitting  frequencies  fK;i-band),  short  ranges,  and  clear 
air:  a  measurement  scenario  yielding  negligible  propapation- 

i ndured  depo la  ri za  t ion . 

0  .  MU1. TIPI, P  FRKQP  PNC  ll.o  AM)  FUK.H  1  NCY  MODU.ATluN 

In  the  development  of  a  meteorological  remote  sensing  system, 
the  question  arises  as  to  whether  the  measurement  capability 
would  be  enhanced  by  the  .joint  use  ol  sensors  at  more  than  one 
frequency,  such  as  two  radars  or  a  radar  and  a  liciar.  Further¬ 
more,  since  frequency  modulation  techniques  have  been  used  suc¬ 
cessfully  tor  several  meteorological  applications  it  is  essential 
to  consider  their  possible  utility  in  the  context  of  a  coherent 
dua  1  -r  ha  n  ru  - 1  radar. 


There  are  two  facets  of  the  multiple  frequency  question: 
first,  whether  the  use  of  two  (or  more)  transmitting  frequencies 
provides  any  increase  in  the  capability  of  measuring  or  deriving 
the  parameters  of  interest  at  a  given  point,  and  second,  whether 
it  is  desirable  to  operate  two  or  more  sensors  of  different  char¬ 
acteristics  at  the  same  time  to  observe  a  wider  range  of  hy¬ 
drometeor  types. 

Multiple  frequency  radar  observations  have  been  used  for  the 
detection  of  hail,  based  on  the  frequency-dependent  scattering 
and  attenuation  characteristics  of  hail  and  rain.  The  hail  de¬ 
tection  capability  is  based  on  Mie  scattering  characteristics  of 
hail  and  on  the  greater  attenuation  encountered  in  both  rain  and 
hail  at  the  higher  microwave  frequencies  (C-band  and  X-band) .  To 
the  extent  that  the  Rayleigh  scattering  approximation  is  valid, 
the  information  obtained  from  the  scattering  medium  is  redundant, 
except  that  the  attenuation  encountered  at  the  higher  frequency 
(relative  to  the  negligible  attenuation  at  S-band)  gives  an  addi¬ 
tional  estimator  of  the  rainfall  rate  or  water  content  In  the 
propagation  medium.  Because  the  backseat  ter  polarization  charac¬ 
teristics  of  raindrops  are  nearly  independent  oL  radar  frequency, 
the  use  of  two  frequencies  would  not  improve  this  measurement 
capability.  While  a  frequency  in  X-band,  for  example,  would 
permit  better  detection  of  small  raindrops  and  of  snowflakes, 
such  detection  could  also  be  accomplished  at  S-band  if  adequate 
power  is  used.  In  summary,  we  conclude  that  the  use  of  two  fre¬ 
quencies  for  observations  of  precipitation  would  not  add  signifi¬ 
cantly  to  the  system  measurement  capability.  It  would,  However, 
be  useful  to  have  a  "head-to-head"  comparison  of  dual -frequency 
hall  detection  and  dua 1 -chanin  I  hail  detection  to  understand 
better  the  strengths  ana  weakn<ssos  of  boi.lt  techniques. 

in  the  context  of  cloud  observations,  the  possibility  of 
observations  by  lidar  must  be  considered,  since  lidar  has  been 
proven  capable  of  discriminating,  ice  and  liquid  water  clouds  and 
of  identifying  shapes  ol  ice  part  ides  in  some  situations. ^  The 


relative  capabilities  of  lidar  and  radar  for  the  detection  of 
clouds  were  investigated  by  Derr.^  He  found  that  for  detection 
of  the  near  edge  of  several  model  clouds  a  CC^  (10pm)  lidar  was 
superior  to  various  radars  in  all  cases,  except  when  rain  was 
present.  The  lidar  superiority  over  a  short-wavelength  radar  was 
no  greater  than  about  7  dB  in  any  of  the  cases.  In  the  scenario 
of  1,000  m  penetration  into  a  cloud  at  a  distance  of  5,000  m  to 
the  near  edge,  the  results  were  mixed.  Derr  suggested  that  joint 
observations  with  radar  and  lidar  were  desirable  for  investi¬ 
gating  the  development  of  clouds  and  the  onset  of  precipitation 
within  them. 

For  measurement  of  the  shape  and  orientation  of  cloud  water 
drops  or  ice  crystals,  we  must  consider  not  only  detection  cri¬ 
teria  but  also  the  relative  capabai lities  for  obtaining  polariza¬ 
tion-related  information.  Lidar  measurements  typically  have 
included  the  depolarization  ratio  and,  in  some  cases,  the  signal 
intensity  or  reflectivity.  The  pulse  characteristics  of  lidars 
permit  the  interrogation  of  a  given  array  of  hydrometeors  only 
once  and  thus  do  not  allow  the  derivation  of  the  signal  cross¬ 
correlation.  The  average  orientation  angle  of  the  scatterers 
would  be  derivable  by  successive  observations  at  varying  polari¬ 
zations.  Radars  operating  at  pulse  repetition  frequencies  of 
several  hundred  hertz  or  more  obtain  a  series  of  observations  of 
a  given  array  of  hydrometeors,  i.e.,  before  the  scatterers  move 
through  the  resolution  cell.  From  the  time  series,  one  can  ob¬ 
tain  the  power  spectra  and  cross-spectrum  in  addition  to  the 
average  power,  depolarization  ratio,  and  cross-correlation.  Thus, 
the  advantages  of  lidar  lie  mainly  in  extending  the  measurement 
capability  to  clouds  of  low  water  content  and  small  crystals  or 
drops,  rather  than  in  enhancing  the  measurement  capability  in  the 
situations  where  target  detection  by  radar  is  adequate. 

Multiple  frequencies  have  also  been  used  to  resolve  ambigui¬ 
ties  of  Doppler  velocity  measurements  resulting  from  spectrum 
foLding.  Since  we  contemplate  the  use  of  a  low  frequency  for 

^  Derr,  V.L.,  1978:  A  Basic  Comparison  of  Lidar  and  Radar  for 
Remote  Sensing  oi  Clouds.  Technical  Report  LKL  397-WPL  52, 
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observations  at  low  elevation  angles  and  long  ranges,  we  do  not 
anticipate  that  spectrum  folding  will  be  a  problem  in  most  situa¬ 
tions.  At  higher  elevation  angles,  higher  I'KIs  can  he  used  to 
increase  the  limits  ol  unambiguous  Doppler  velocity.  The  need 
for  unambiguous  measurement  ol  Doppler  velocities  above  DO 
m  sec~^  in  severe  storms  while  preserving  unambiguous  rung<  in¬ 
formation  can  be  met  by  means  of  a  radar  which  transmits  at  t  w<> 
frequencies  in  a  single  microwave  band.  One  t  requoncy  i  |>  i  lse-i 
slowly  enough  that  reflectivity  measurements  cm.  be  obtained  wit! 
no  range  ambiguity,  while  the  other  is  pulsed  last  enough  t  ha  t 
Doppler  velocities  are  measured  unambiguously ,  with  possible 
range  aliasing.  This  technique  could  In?  incorporated  into  a 
dual-polarization  radar  design,  with  either  or  both  frequency 
channels  doubled  lor  reception  of  two  polarizations.  in  prin¬ 
ciple,  It  would  be  desirable  to  have  duu ! -polar i /at  ion  reception 
on  both  frequencies,  since  in  a  situation  in  which  two  storms 
were  separated  in  range  by  a  distance  equal  to  ttn  maximum  unam¬ 
biguous  range  in  the  Doppler  channels,  t  lie  Doppler  velocity  in¬ 
formation  would  be  unusable,  while  t. he  "bulk"  polarization  param¬ 
eters  could  still  be3  obtained  in  the  reflectivity  clianm  Is.  The 
feasibility  of  implementing  such  a  design  depends  on  the  tnqwen- 
cy  dependence  of  components  of  t  he  microwave  circuit  and  an¬ 
tenna.  In  practice,  the  use  of  both  circular  and  linear  polari¬ 
zation  requires  dual  polarization  on  the  "rcl  led  ivity"  '  requetu-.v 
since  the  reflectivity  in  format  i<ui  would  be  obtainable  in  the 
opposite  polarization  and  the  identical  polarization,  respec¬ 
tively,  for  the  two  transmission  modes.  Since  most  ol  t n<  po¬ 
larization  information  available  in  the  ret  led  ivity  chatm*  -  ’  s 
would  be  completely  redundant  with  that  available  in  the  i '< >pp  1  ■  r 
channel s  for  most  measurement  scenarios,  dua 1 -pel  a r i /a t  i on  recep¬ 
tion  and  full  data  proves:  i  ng  need  tie  implemented  only  tor  tin. 
frequency  to  tie  used  for  loppler  me  a;  u  ferae  n  t  s  ,  and  the  range 
information  in  tin-  reflectivity  channel  can  he  used  to  de-alias 
the  polarization  information  as  it  is  us<  d  'o  de-atias  t  hi 
Dnpp  1  e  r  ve  1  <  to  i  t  y  into  nna  1  ion. 
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The  use  oL  frequency  modulation  techniques  is  or  interest 
because  they  enable  more  rapid  determination  ot  average  signal 
characteristics  by  reducing  the  "phase  noise"  in  the  received 
signals  associated  with  the  random  relative  motion  ot  the 
scatterers  in  phase  space.  In  the  context  oi  dual  polarization 
radar  observations,  one  must  consider  the  irequency-dependence  of 
the  polarization  characteristics  of  radar  components  and  tire 
extent  to  which  performance  may  be  degraded  if  the  transmitted 
signal  bandwidth  is  increased.  As  an  example,  in  the  16.5  GHz 
radar  operated  by  the  National  Research  Council  (NRC)  in  Ottawa, 
Ontario,^  the  frequency  stability  requirement  is  determined  by 
the  bandwidth  of  the  turnstile  junction  in  the  antenna  feed, 
which  is  about  0.1  per  cent  of  the  center  frequency,  or  +  8 
MHz.  Hence,  the  NRC  antenna  design  is  incompatible  with  the  use 
of  wideband  techniques  such  as  that  used  by  Krehbiel  and 
Brook. 17  Alternative  antenna  designs,  discussed  in  Section  V, 
will  permit  the  use  of  wideband  transmission.  The  use  of  wide¬ 
band  or  frequency-modulated  transmission  and  the  achievement  of 
the  associated  fast-scanning  capability  will  be  necessary  for  the 
effective  study  of  certain  physical  phenomena.  For  example,  the 
changes  of  hydrometeor  polarization  properties  which  accompany 
electrical  discharges  have  been  well  documented^  at  time  scales 
of  the  order  of  one  second  at  fixed  antenna  position.  Reflec¬ 
tivity  changes  associated  with  electrical  discharges  have  been 
measured  by  Brook  (private  communication)  at  time  scales  of  the 
or de r  of  a  few  milliseconds.  Hence,  it  is  evident  that  the  com¬ 
plete  documentation  of  electa  ical  effects  in  both  space  and  time 


J  McCormick,  G.  C.,  and  Hendry,  A.,  1979:  Techniques  for  the 

Determination  ol  t he  Polnrizat  ion  Properties  of  Precipitation. 
Radio  Sci.,  1 4 ,  1027-1040. 


will  require  a  rapid  scanning  capability.  The  incorporation  of 
measured  Doppler  velocity  data  into  computer  models  of  severe 
storms  requires  observations  at  much  shorter  time  scales  than  are 
presently  available  and  hence  requires  that  fast-scanning  capa¬ 
bility  be  available  in  a  future  generation  of  meteorological 
Doppler  radars.  It  will  eventual Ly  be  necessary  to  incorporate 
polarization-related  parameters  into  computer  models  for  verifi¬ 
cation  and  updating  of  cloud  and  precipitation  physical  parame¬ 
ters;  this  will  require  that  the  polarization  parameters  be 
available  with  high  temporal  resolution. 

The  implementation  of  fast-scanning,  capability  into  a  dual¬ 
polarization  polarization-agile  system  requires  detailed  evalua¬ 
tion  of  the  performance  of  the  microwave  components  in  terms  of 
bandwidth,  phase  stability,  and  dispersive  (frequency-dependent) 
characteristics,  which  are  beyond  the  scope  ot  the  present 
study.  The  effective  use  of  the  data  obtainable  from  a  fast- 
scanning  radar  requires  either  a  much  higher  capacity  data-pro- 
cessing  system  or  that  much  of  the  data  processing  be  done  on¬ 
line.  While  a  fast-scanning  radar  would  provide  measurements  of 
reflectivity,  Doppler  mean  velocity  and  variance,  and  bulk  po¬ 
larization  parameters  within  acceptable  statistical  confidence 
limits,  it  is  not  evident  that  the  spectral  functions  which  are  a 
key  part  of  the  interpretation  of  the  dun  1  -polari  zal  ion  back- 
scatter  can  be  computed  with  acceptable  accuracy  from  fast  - 
scanning  radar  data.  Hence  we  recommend  that  the  dual -po  1  ar  i/.a- 
tion  capability  be  implemented  initially  in  a  narrow-band  system, 
and  that  the  analytical  and  Interpretive  techniques  already  sug¬ 
gested  be  further  developed  and  relined  on  the  basis  of  real  data 
before  proceeding  to  the  development  of  a  fast-scanning  coherent 
dual-channel  radar. 

In  summary,  we  conclude  that  the  coherent  polarization-diver¬ 
sity  radar  should  be  a  single-frequency  narrow-band  system.  tor 
observations  of  rain,  the  use  of  a  multi -band  system  adds  litt'e 
to  tile  measurement  of  polarization  parameters  in  a  given 
scattering  medium.  The  us<'  of  more  than  one  frequency  band  does 
extend  the  range  of  measurement  capability  in  terms  of  detectable 


scattering  media,  but  such  observations  tend  to  imply  the  use  ot 
multiple  measurement  systems,  rather  than  the  incorporation  of 
the  total  capability  into  a  single  system.  The  limited  polari¬ 
zation  capabilities  oi  lidar  relative  to  those  of  radar  similarly 
imply  that  the  polarization  properties  of  radar-detectable  clouds 
can  be  adequately  measured  by  radar  alone.  'i'ne  use  of  frequency- 
modulation  or  wideband  transmission  lor  reducing  backscatter 
"phase  noise"  and  achieving  a  taster  scanning  capability  is 
desirable,  but  likely  to  be  diiticult  to  implement  in  a  coherent 
dual-channel  radar  system.  The  possibility  of  using  wideband 
microwave  components  to  accommodate  such  techniques  is  an 
important  topic  for  further  investigation. 

E.  SUMMARY 

On  the  basis  of  the  foregoing  analysis,  we  conclude  that  the 
transmitting  frequency  options  are  S-band  and  K^-band  for 
measurements  in  precipitation  and  in  clouds,  respectively.  The 
use  of  frequencies  above  S-band  results  in  increasing  propagation 
effects  which  degrade  the  backscatter  measurement  capability  in 
moderate  or  heavier  rain.  Conversely,  the  use  of  frequencies 
lower  than  Ka-band  results  in  rapidly  decreasing  sensitivity  to 
backscatter  from  small  hydrorneteors .  A  matrix  of  measurement 
scenarios  is  given  in  Table  5,  and  the  adequacy  of  the  two  fre¬ 
quency  bands,  S  and  Ka,  for  the  particular  scenarios  is  shown.  A 
frequency  band  appears  for  a  given  scenario  if  it  is  adequate  for 
most  of  the  precipitation  rates  (or  water  contents)  and  target 
ranges  tor  that  scenario.  I n  the  cases  where  both  frequency 
bands  are  shown,  the  one  appearing,  lirst  is  preferred.  11  mea¬ 
surements  only  through  a  clear  propagation  medium  are  contem¬ 
plated,  then  K  -band  is  the  pret  erred  frequency  band  tor  all 
target  types  and  ranges.  However,  measurements  through  a  rain- 
tilled  medium  will  require  a  1  requency  in  S-band  .aid  a  consequent 
reduction  ot  cloud  measurement  capability. 

The  polarization  mode  prel erred  lor  most  measurements  is 
circular,  because  ot  the  resultant  eapabi  1  j  ty  ot  determining,  the 
orientation  state  ot  the  scatterers.  for  a  broader  range  ol 


'A 


possible  measurement  objectives,  it  is  desirable  to  have  avail¬ 
able  both  circular  and  linear  polarizations  with  variable  orien¬ 
tation  . 

Other  desirable  radar  parameters  include  a  pulse  width  of  0.5 
to  2  usee  a  beamwidth  of  0.5  to  2  degrees,  a  pulse  repetition 
frequency  variable  from  about  300  Hz  to  10  kHz,  and  a  peak  power 
of  at  least  100  kW.  Full  scanning  capability  in  azimuth  and 
elevation  is,  of  course,  essential  for  the  measurement  objec¬ 
tives  . 

The  implementation  of  these  design  parameters  is  expected  to 
be  essentially  similar  at  the  two  proposed  frequencies.  A  des¬ 
cription  of  the  suggested  microwave  system  is  presented  in  Sec¬ 
tion  IV  and  antenna  design  factors  are  discussed  in  Section  V. 
The  data  system  described  in  Section  VI  can  be  used  with  either 
radar,  since  operation  at  either  of  the  two  recommended  frequen¬ 
cies  will  involve  measurements  at  relatively  high  elevation 
angles  and  high  pulse  repetition  frequencies.  It  is  in  this  mode 
of  operation  that  the  data  rates  are  highest.  Operation  at  low 
elevation  angles  for  long  range  measurements,  which  will  not  be 
possible  at  Ky-band,  involves  lower  pulse  repetition  frequencies 
because  ot  the  need  tor  large  unambiguous  range  limits. 


SECT LON  IV 

SY STEM  CON  FIGURATION 


The  general  concepts  discussed  in  inis  section  are  equally 
applicable  to  a  radar  system  operating,  at  either  of  the  two  fre¬ 
quency  bands  identified  in  the  preceding  section.  In  accordance 
with  the  decision  based  on  preliminary  results  oi  this  study,  we 
have  given  detailed  consideration  to  component  limitations  and 
availability  only  lor  a  radar  system  operating  at  S-band  (10  cm 
wavelength).  The  objective  of  this  effort  is  to  present  a  design 
ior  a  radar  system  which  permits  the  collection  ol  appropriui e 
radar  signals  to  quantify  a  variety  ot  hydrometeor  mi  erophys  ie.u  1 
parameters.  The  types  of  hydrometeors  and  associated  parameters 
have  been  described  in  detail  in  Section  LI.  To  obtain  (he 
greatest  possible  information  l  rom  (he  nydi  onieteor  backseat  ter 
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pulse,  while  the  amplitude  intwrmat  ion  is  simply  the  magnitude  ol 
the  return.  Coherence  of  (hi  transmitted  signal  t  rom  one  pulse 
to  another  will,  depend  on  the  actual  i  nip  1 «  mt  at  at  i  on  of  the  trans¬ 
mitter  module  and  is  necessitated  only  when  concerned  with 
returns  f  rom  targets  at  ambiguous  ranges ,  i  . e . ,  i anges  beyond  t  he 

maximum  ambiguous  range  determined  by  the  svs  t  em  pulse  repet  it  ion 

rate. 

Dual  po  I  a  t  i /.at  l  o:i  is  detinue,  as  t  h<  capability  ot  simul¬ 
taneously  receiving,  rue  same  poiari/at  ion  as  was  t  ransmi  t  t  ed  plus 

the  oppositely  polarized  return.  !  <  i  the  c>  >ti  ven  t  i  on  a  1  r  a  da  r  ter¬ 

minology,  espec  i  a  1  l  y  with  r  e  •  e  t  enc  e  to  linear  polarization,  these 


signals  are  ret  erred  Lo  as  the  "parallel"  or  "co-polar"  and  t  :ie 
"cross"  components  of  the  backseat Lered  signal.  The  tern,  "or¬ 
thogonal"  is  also  used  to  describe  the  oppositely  polarised 
signal,  but  this  nomenclature  is  a  source  ot  confusion  in  radar 
meteorology  because  the  term  "orthogonal"  has  also  been  used  to 
refer  to  that  circular  polarization  component  ot  the  return  fro:’, 
rain  which  is  opposite  to  the  "main"  signal  that  contains  the 
larger  portion  ot  the  backseat Lered  power.  We  shall  use  the 
terms  "parallel  polarized"  or  "co-polar"  to  refer  to  the  received 
signal  in  the  transmission  channel  anil  "cross-polarized"  to  refer 
to  the  received  signal  in  the  orthogonally  polarized  channel, 
regardless  of  the  polarization  state  of  the  transmitted  signal. 

Polarization  agility  is  the  capability  of  rapidly  changing 
the  polarization  state  ol  the  transmitted  pulse,  that  is,  at 
least  as  fast  as  the  pulse  repetition  rate.  The  term  polariza¬ 
tion  diversity  refers  only  to  the  ability  to  change  the  trans¬ 
mitted  polarization,  with  no  rate  of  change  implied.  Thus  dual 
polarization  (on  receive)  and  polarization  agility  (on  transmit) 
are  different  system  attributes,  although  either  capability  im¬ 
pacts  the  implementation  of  the  other. 

Within  the  definition  above,  a  radar  system  providing  polari¬ 
zation  diversity  will  meet  some  of  the  present  requirements. 
However,  time  decorrelation  ol  the  meteorological  target  occurs 
much  more  rapidly  than  the  switching  period  associated  with  po¬ 
larization  diversity  and  adversely  affects  the  relationship  of 
the  parameters  being,  measured.  A  polarization-agile  system  will 
allow  measurement  of  the  parameters  for  two  transmitted  polariza¬ 
tions,  spaced  in  t  i me  by  the  interpulse  period.  In  addition,  the 
polarization  agile  system  which  is  described  will  allow  an  un¬ 
limited  selection  ol  polarization  modes,  depending  on  the  type  ot 
antenna  teed  selected  and  the  parameters  to  be  controlled. 

A.  GhNKKAL  CONChPTS 

The  polarization  ot  an  electromagnetic  wave  can  be  described 
by  specifying  the  amplitude  and  electrical  phase  between  two 
spatially  orthogonal  phasors.  Circular  polarization  can  be 


generated  by  combining  two  orthogonal  linearly  polarized  signal.-;  ; 
conversely,  linear  polarization  can  be  generated  by  eon-inning  two 
orthogonal  circularly  polarized,  signals.  In  the  most  genet  a  1 
sense,  two  orthogonal ly  polarized  signals  will  produce  an  el  iip- 
Lically  polarized  wave  with  the  limiting  cases  being  circular  and 
linear  polarizations.  These  principles  are  employed  in  the  radar 
shown  in  Figure  18  to  implement  a  polarization-agile  system.  In 
this  system,  the  polarization  ot  the  transmitted  and  recei veu 
signals  are  determined  by  the  phase  and  amplitude  ot  the  signals 
present  at  the  two  orthogonal  ports  of  the  dual  mode  coupler  and 
by  the  antenna  feed  system.  The  signal  at  the  output  ol  the  dual 
mode  coupler  is  described  by 


E,j,  =  i  Li ^  sin  -of  +  j  K^s  in  (ot  +  0)  (2d) 

where  i  and  j  represent.  the  space  vectors,  and  i  u  a  t 

and  K0sin(tot+3)  represent  the  amplitude  and  phase  <; !  .  he  tw» 
input  signals.  Equation  (23 )  in  genera!  defines  an  e  i  1  i  pt  i  c.i  !  ]  y 
polarized  wave  which  can  be  described  in  terms  ot  the  re  1  at  Lve 
phase  0  and  the  ratio  E, /F?  -  .  The  phase  and  artipl  1 1  udt  ratios 

of  the  input  signaLs  to  the  dual  mode  coupler  requ  i  r>  d  to.  gener¬ 

ate  linear  and  circular  pol ar i zat  Lou  tor  a  linear  antenna  teed 
system  are  shown  in  Table  6.  For  otln-r  values  ot  '  .uni  i  ,  t  he 
transmitted  signal  wi  1  L  be  elliptical  ly  po 1 ar i zed .  The  axis  of 
the  polarization  e LI  ipse  and  the  ellipticity  ratio  will  depend  on 
both  B  and  a.  if  the  two  signals  are  in  phase  or  180°  out  ot 
phase,  the  resulting  polarization  wi  i  !  be  linear;  the  plane  ol 
polarization  wiLl  be  determined  by  the  relative  amplitudes  ot  the 
two  signals. 

It  a  circular  polarizer  is  placed  at  the  on' put  ot  tile  tin  a  1 
mode  coupler,  a  dit  foront  set  ol  polar  i  /.at  ion  control  parameters 

are  required  as  shown  in  Table  7.  For  this  ease,  orthogonal 

circular  components  are  combined  to  produce  a  system  capable  ot 
transmitting  and  receiving  any  desired  linearly  or  e  i  1  i pt i ea  1 1 y 
polarized  wave.  The  phase  angle  ('!)  between  the  two  orthogonal 
ports  ot  the  dual  mode  coupler  control;;  the  axis  ot  either  the 
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elliptical  or  tlit-  J  i  nc-ur  -lgaa.  ,  and  a  con  1  t  <  .■  1 the  <  1  L  i  jj  t.  i 
ra  t io . 


TABLE  6.  TKA.NS.M  I  TTL1J  POI .AH  1  ZAT  I  ON  AS  A 
UNCTION  OF  S  AND  a  FOR  A  I  !  N  F  A  RLA  POLARIZED  I  KM' 


Pol  a  i'  i  /.a t  i  on 


<  rli'^m-s  : 


Linear  45° 

.  .  ,  _  o 

I  . a  near  -4o 


Circular  HH 
Circular  Lh 
Ve  r  t i cal 
H'  >r  i  /  on  la  1 


any  value 
any  value 


TABLK  7.  TRANSMITTED  l-T>I..AK i  /  ATT ON  AS  A 
FUNCTION  OF  c  AND  a  FOK  A  CIRCULARLY  POLARIZED  FLED 


Polar izut ion 


u  ( degrees 


Li  near 
Circular  HH 
Ci rcu lar  I H 
Elliptical 


luv  value 


anv  value 


0  <  a  <  1 


Thus,  control  1  i  nc  t  h«  phase  and  amplitude  of  the  signals 
the  i n nil t  of  iho  dua  l  •node  coupler  al  lows  a  very  versa  tile  so  1 
l  i  on  of  pi  > !  a  r  i  /a  l  ionr-  . 

Polarization  control  of  i  he  radar  shown  in  Figure  is 
aeoomp 1 i sued  by  changing  t  he  phase  of  t  he  signals  in  the  loss! 
power  divider  and  by  "hanging  the  phase  ni  one  ol  the  signals 
the  dual  mode  coupler.  The  lassies:  power  d;vid<  r  is  composed 
two  hybr  j  d  lees  and  an  electronically  eon  t  roi  led  phase  sh i 1 t 


The  first  hybrid  tee  divides  the  input  power  equally  between  its 
two  col  linear  output  ports.  One  of  the  outputs  is,  shifted  in 
phase  and  recombined  in  the  col  !  inear  arms  of  the  second  hybrid 
tee.  The  ratio  of  power  available  at  the  !.  and  1!  ports  ol  tin 
second  hybrid  is  determined  by  the  phase  difference  between  the 
signals  supplied  to  the  two  input  ports  according  to 


For  the  circularly  polarized  antenna  feed,  the  phase  angle  in 
tiie  power  divider  controls  the  ellipticity  of  the  transmitted 
wave,  and  the  phase  angle  controls  the  axis  of  the  resultant 
elliptical  or  linear  signal.  Ln  the  case  where  a  linearly  po¬ 
larized  antenna  feed  is  employed,  both  ^  and  contribute  to 
the  ellipticity  of  the  resultant  signal. 

The  two  hybrid  junctions  in  the  lossless  power  divider  in¬ 
fluence1  the  purity  of  the  transmitted  wave  and  the  channel  iso¬ 
lation  of  the  receiver.  For  near-spherical  raindrops,  one  compo¬ 
nent  of  the  reflected  signal  will  in  many  cases  be  more  than  20 
dB  below  the  other.  Since  the  ratio  of  the  powers  in  the  two 
orthogonal  channels  is  one  of  the  major  parameters  to  he 
measured,  polarization  purity  and  channel  isolation  must  be  main¬ 
tained  to  prevent  large  measurement  errors.  It  is  instructive 
for  the  purpose  of  describing  the  purity  of  the  transmitted  and 
received  signals  to  determine  the  phase  error  present  at  the 
output  ports  of  the  hybrid  tees.  The  phase  angle  of  the  two 
output  signals  from  the  K  and  i!  ports  is  given  by 


2 u  sin  0 

$  =  tan-  - — — —  (25) 

1  - 

where  a  is  the  ratio  of  tie'1  voltages  present  at  the  two  col  linear 
input  ports  and  y  is  the  phase  difference  between  the  two  vol¬ 
tages.  When  ,j)  is  near  90  degrees,  the  phase  angle  is  primarily 
determined  by  the  power  ratio  a",  at  the  input  ports.  Power 
balance  and  proper  phasing  of  these  signals  must  be  maintained  at 
the  dual  mode  coupler  to  preservo  measurement  accuracy.  for  this 


reason,  it  is  important  that  some  torm  of  power  monitoring  be 
included  in  tne  radar  system. 

B .  RADAR  CONFIGURATION 

A  radar  system  using  the  concepts  described  above  is  shown  in 
Figure  19.  If  pulse- to-pulse  polarization  agility  is  to  In- 
achieved,  electronic  phase  shifters  must  be  used  to  provide  the 
high  switching  rates.  The  power  handling  capability  of  elec¬ 
tronic  phase  shifters  is  limited  to  100-200  kW  peak  for  non¬ 
reciprocal  devices  and  to  25  kW  peak  for  reciprocal,  devices . 
Peak  power  of  the  order  of  1  mW  is  necessarv  to  achieve  tile  de¬ 
sired  measurement  objectives.  The  polarization  switching  must 
therefore  be  accomplished  at  low  power  levels,  and  Lne  resulting 
signals  must  be  amplified  to  the  required  level.  Because  the 
microwave  amplifiers  in  the  system  do  not  allow  reciprocal  propa¬ 
gation  of  the  received  signals,  two  identical  polarization  net¬ 
works  must  be  used.  The  first  network  is  used  to  control  the 
desired  power  balance  and  phase  relat  Lonslup  between  the  two 
signals  applied  to  the  dual  mode  coupler.  The  second  polariza¬ 
tion  network  is  used  in  the  receiver  to  derive  the  parallel  and 
cross  polarized  components  of  the  backscattered  signal. 

Accurate  phase  and  amplitude  tracking  characteristics  must  be 
maintained  in  both  transmitter  amplifier  chains  and  between  the 
phase  shifters  in  the  transmitter  and  receiver.  A  directional 
coupler  (not  shown)  is  included  at  the  output  of  the  circulators 
to  provide  for  power  monitoring  and  to  allow  a  test  signal  to  be 
injected  into  the  receiver  for  calibration.  Power  balance 
sensing  and  automatic  correction  should  also  be  included. 

The  transmi  t  f  <-r  shown  is  a  block  in  Figure  19  contains  the 
necessary  oscillators,  phase  lock  loops ,  and  mult  iplis-rs  to 
generate  the  si.gp.aL  to  be  transmitted,  Lite  local  oscillator 
signal  ,  and  t  he  !.!■'  coherent  phase  ret «.  retire  tor  measurement  o! 
ti>e  in-phase  (1)  and  quadra,  are  (<^ )  ..  oMiponenf _s  of  tile  received 
s  i  gria  1  s  . 


G  1 


shifter 


SECTION  V 

ANTENNA  CONSIDERATIONS 


A  study  was  performed  to  determine  some  of  the  trade-offs 
involved  in  realizing  the  antenna  portion  of  the  coherent  polari¬ 
zation  diversity  radar.  This  evaluation  included  (1)  the  RF 
plumbing  required  to  obtain  dual  switchable  polarization,  (2)  the 
method  of  switching,  (3)  the  impact  of  utilizing  different  fre¬ 
quency  bands,  as  well  as  (4)  the  type  of  antenna  itself. 

The  types  of  polarization  considered  were  dual  circular  and 
dual  linear.  The  radar  must  be  able  to  transmit  using  one  po¬ 
larization  and  be  able  to  receive  the  same  polarization  that  was 
transmitted,  as  well  as  the  cross  polarization.  In  addition,  the 
radar  should  be  able  to  transmit  either  of  the  two"  orthogonal 
polarizations.  For  example,  the  radar  might  transmit  vertical 
polarization  and  receive  both  vertical  and  horizontal  polariza¬ 
tion.  It  might  then  switch  to  transmitting  horizontal  polariza¬ 
tion  and  still  receive  both  vertical  and  horizontal  polariza¬ 
tions.  Initially,  because  the  frequency  of  operation  had  not 
been  finalized,  Ka ,  C,  and  S  band  operations  were  considered. 
The  desired  beamwidth  of  the  antenna  is  about  1  .0°. 

A.  ANTENNA  TYPES 

This  study  was  restricted  to  considering  only  reflector  type 
antennas  since  a  mechanically  scanned,  narrow  beam  antenna  is 
adequate  for  the  intended  application.  The  flexibility  ot  an 
electronically  scanned  array  is  not  needed  and  the  price  of  this 
option  is  very  high.  The  antennas  of  primary  interest  for  this 
application  are  para bo  L i e  and  Cassegrain  reflectors  in  either 
center  ted  or  offset  led  geometries. 

1.  PARABOLOIDS 

The  paraboloid  is  the  most  cornrnuiiLy  used  reflector  type  be¬ 
cause  it  wi  J  1  produce  a  high-gain  penci  l-beam  with  quite  low 
sidelobes  when  properly  fed  from  the  focal  point.  The  parabolic 
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antenna  had  its  birth  in  1888  with  the  experiments  of  Heinrien 
Hertz,  and  the  properties  ot  parabolic  anLennas  have  been  exten¬ 
sively  studied  both  theoretically  and  experimentally  since  World 
War  It.  The  to  l  lowing,  discuss  Lon  is  oriented  toward  polar izat  i  on 
characteristics  of  the  antennas  since  this  is  the  major  area  ot 
uncertainty  in  the  performance  ot  the  antenna  system  under  study. 

Jones*'*  studied  the  polarization  properties  ot  a  circulariv 
symmetric  paraboloid  that,  is  leu  by  a  snort  electric  dipole  at 
its  focus.  He  found  that  the  cross-polarized  pattern  of  such 
antenna  systems  consists  of  lour  major  lobes  symmetrically  lo¬ 
cated  along  the  43°  planes  (i.e.,  between  trie  principal 
planes).  Figure  20  shows  the  level  of  these  lobes  as  calculated 
by  Jones,  neglecting  aperture  blocKage  produced  by  the  feed. 
Also  presented  in  Figure  20  are  recent  calculations  by  bodnar^(* 
for  the  case  of  a  paraboloid  focus  fed  by  a  pyramidal  horn,  again 
neglecting  btocxage.  The  pyramidal  horn  is  much  more  common iy 
used  at  microwave  and  millimeter  wavelengths  than  is  an  electric 
dipole,  and  so  it  more  nearly  represents  the  cross-polarized 
performance  expected  from  the  antenna  under  study.  The  -10  db 
and  -20  db  pyramidal  horns  represents  cases  where  the  aperture 
size  of  the  horn  has  been  selected  so  that,  the  horn  illumination 
taper  plus  the  space  loss  taper  produces  combined  edge  illumina¬ 
tions  of  -10  db  and  -20  db,  respectively.  Notice  from  Figure  20 
that  tue  level  ot  the  cross-polarized  lobes  decrease  monotoni- 
cally  as  the  Local  length  ol  the  reflector  is  increased  and  t.nat. 
a  heavier  edge  taper  produces  lower  cross-polarized  levels. 
Also,  lower  cross- po  la r i zat  ion  is  predicted  tor  a  pyramidal  horn 
than  for  an  electric  dipole  teed.  For  example;  lor  a  -20  db 
pyramidal  horn  and  a  reflector  having  a  local  length  to  diameter 

*  ^  Jones,  h.  M.  T.  ,  1034:  1'a  ratio  I  u  i  d  Ko  l  lector  and  Hyberboloid 
Lens  Antennas,  IKK  Trans.  Antennas  1'ropag.,  A1‘-  2 ,  110-127. 
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ratio  (f/D)  ot  0.25  or  1.0,  the  cross-polarized  lobes  arc  -18  db 
and  -40  db,  respectively,  with  respect  to  t  lie  co-polarized  main 
beam  peak. 

Figure  20  shows  that  a  long  Local  lengtn  ret  lector  in  con¬ 
junction  with  a  highly  tapered  teed  illumination  is  required  to 
produce  low  cross-polarized  Lobes .  The  nigh  teed  ta,<er  also 
produces  lower  co-polarized  side  lobes ,  wuien  is  a.su.uiy  de 
sired.  However,  tne  use  oi  a  long  local  Length  re:  lector  aitu  u 
high  teed  taper  requires  a  Large  teed.  A  large  teed,  in  turn, 
produces  increased  bLockage  of  the  energy  retlected  by  the  para¬ 
boloid  which  in  turn  increases  the  co-  and  cross-polarized  side- 
lobes  . 

The  effects  of  blockage  can  be  reduced  or  eliminated  by  using 
an  offset  reflector  geometry  in  which  the  feed  is  tilted  t.o  illu¬ 
minate  only  a  portion  of  the  paraboloid  that  does  not  include  the 
central  area  where  the  feed  is  located.  Energy  reflected  by  t.  he 
paraboloid  then  does  not  strike  the  feed.  Chu  and  Turrin^  have 
analyzed  tne  cross-polarized  characteristics  of  offset  red  para¬ 
boloids  ,  and  Figures  21,  22,  and  23  present  some  oi  their  re¬ 
sults.  Their  feed  is  pointed  at  an  angle  ol  0  L rom  the  axis  oi 
tne  ret  Lector,  and  0^  is  the  halt -angle  subtended  by  the  outer 
edge  ot  the  reflector  at  the  locus. 

Figure  21  shows  that  cross  polarization  is  reduced  by  illu¬ 
minating  the  paraboloid  as  close  to  its  axis  as  possible.  Figure 
22  shows  that  when  0  =  H  the  cross -polarized  characteristics  are 
very  similar  to  the  -20  db  pyramidal  horn  curve  of  the  center-fed 
paraboloid  shown  in  Figure  20. 

The  preceding  discussion  is  based  on  the  use  of  a  1  inear  ly- 
polarized  feed.  Figure  23  presents  data  lor  a  circular  1 v- 
po lari  zed  Iced.  For  a  circularly  polarized  Iced,  no  cross¬ 
polarization  is  generated  theoretically,  but  the  right  and  lelt 
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circularly  polarized  beams  are  squinted  on  opposite  sides  ot 
boresight  in  the  offset  plane  of  tne  reflector.  This  effect  can 
be  reduced  by  increasing  tne  focal  lengtn  or  t  he  rei  lector  or  ii 
can  be  compensated  for  in  the  data  reduction  process. 

2.  CASSEGRAIN 

A  Cassegrain  antenna  is  a  double  ret  lector  antenna  consist  in/ 
of  a  paraboloidal  main  reflector  and  a  nyperbcloidal  seU-ret lec¬ 
tor.  One  of  the  major  advantages  ot  a  Cassegrain  antenna  is  that 
its  folded  optics  system  produces  a  more  compact  mechanical 
structure  than  does  a  paraboloid  antenna  for  equivalent  focal 
lengths.  The  other  major  advantage  of  the  Casegrain  antenna  is 
that  the  feed  and  the  microwave  plumbing  are  conveniently  Located 
behind  the  main  reflector,  presenting  no  blockage  and  providing 
easier  access  to  these  components  than  in  a  front-feed  parabo¬ 
loidal  antenna. 

Hannan^  and  Wong^  have  shown  that  the  performance  of  a 
Cassegrain  antenna  is  the  same  as  that  of  an  equivalent  para¬ 
boloid  antenna;  therefore  Figures  20  through  23  can  also  be  t  "*ed 
tor  a  Cassegrain  antenna  by  inserting  the  equivalent  focal  length 
for  f.  Since  the  focal  length  ot  the  equivalent  paraboloid  an¬ 
tenna  is  usually  much  Larger  than  that  ot  the  Local  length  of  tne 
main  reflector,  the  cross-polarization  properties  of  the  Casse¬ 
grain  antenna  wiLl  be  superior.  Again,  an  offset  geometry 
eliminates  teed  and  sub-ref  lector  blockage  and,  thus  produces  su¬ 
perior  electrical  performance  at  the  expense  ot  a  more  complex 
and  hence  costly,  mechanical  sturcture. 
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b.  Finns 

The  type  ot  teed  used  with  a  ret  lector  unieni.a  can  liav- 
significant  affect  on  the  overall  cross-poiari/ed  per '  <  >rr.a  nc- 
the  antenna.  Typical  feeds  for  re  I  lector  at.  ten:  ns  incl  :d.  d : 
poles,  py  rami  da  1  horns,  and  mu  1  t  i  -  mode  1  orn.*  .  b«  d.a  \  i  •  •••  , . 

each  ot  these  wi  t  ft  a  pa  ral  ■<  *  1  o  i  da  re-1  le-'tor  is  di-s.-r  i  bed  1 •  I  o  a 

A  Cassegrain  antenna  ea  n  be  a  n.ilv/H  in  s «  tutr  o*  e  .  -c. p ,  i  v  a  ! \ 

paraboloid"'’-"  and  so  is  not  «  x  p  1  t  e  i  t  1  y  treated.  1  n  •  r>  •  . 

1.  I)  IPO!  .1  mi;s 

Dipole  teeds  are  typically  used  at  Diil  f  r.  qu<  -m  i  es  and  i.e  !  ow 
a  I  though  they  have  been  used  for  some  app  1  i  ea  t  i  or.*--  at  it.  i  crown  % 
frequencies.  Dipoles  are  general  1  y  unsat  isf  ud  ory  1  rot::  a  prae 
t  i  cal  point  of  view  since  they  have  unequal  1  -p  Lane  and  li-plan 
fietimwi  d  t  lis  and  have  high  back  lobe  radiation.  Corri. tiling  sever. a 
dipoles  into  an  array  can  reduce  the  buck  loin-  radout  ion  and  pro 

vide  beamwidth  control  t  <  •  ot-.t  a:  n  tapered  i  l  1  umi  na  t  ion  of  ?  1 

reflector.  The  resulting  feed,  however ,  is  n-hd  ivejy  iri  r  r*  ca 
band.  Dual,  linearly  polarized  >perut  i  ot:  can  in-  obtained  ! 
separately  feeding  two  crossed  d  i  po  1  <  s  .  l‘-i  pole  feeds  a  r<  •  p»*pu  1 
from  a  t  fieoret  ica  1  point  of  view  since  t  hey  a  r<  •  re  la  ’  iv<-|\  <  *tt* 

to  analyze.  Dipole  feeds  are  not  roeoimo -mien  lor  t  l.e  ii'-.-rd. 
appl  i  ca  t  i  on  due  to  the  praet  teal  difficulties  ,;us  t  mt * r .  i  i  *  ■  u -d  . 

2.  PY  HAM  I  DAI ,  I10H2S 

The  pyramidal  horn  is  the  most  .  omm<  *n  1  y  is.  i  teed  f. .  ••  re  fie, 

tor  antennas  at  mi  crowavt  t  requenc  i  »*s  t  n<*e  it  :<  1  lows  :  nd*  pi  mh  r, 

coni. r.il  of  tdie  I* -pi  a  ne  and  11-plane  illuminations  of  ‘he  n  - ;  |e<- 
t.or .  Dual  linear  polarization  can  he  obtained  !>\  <>..  i  1  i  tig 

py  ram  i  da  1  horn  with  a  eommerc  i  a  1  I  v  a  vu  i  laf.’.e  dun:  mod-  :  ra  i..- 
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enough  focal  length.  because  such  an  approach  may  produce  an 
antenna  that  is  too  large,  alternate  approaches  have  been  con¬ 
sidered  by  a  number  of  investigators.  If  a  proper  combination  or 
waveguide  modes  could  be  generated  in  a  feed,  a  cross-polari¬ 
zation-free  antenna  could  (tneoreticalLy)  be  obtained;  a 
number^’^  of  different  designs  have  been  proposed  and  imple¬ 
mented  to  accomplish  this. 

In  the  so-called  Potter  horn,^  the  sidelobes  and  cross-po¬ 
larized  energy  radiated  by  the  TEj  j  mode  of  a  circular  aperture 
are  partially  cancelled  by  adding  in  opposite  phase  a  small  por¬ 
tion  of  TMi i  mode  wnich  has  nearly  identical  sidelobes  and  cross- 
polarized  patterns.  Potter  generated  this  higher  order  waveguide 
mode  by  using  a  discontinuity  in  the  slope  of  the  inside  wall  of 
a  conical  horn. 

The  Potter  feed  works  reasonably  well  for  center  fed  reflec¬ 
tors.  For  offset  reflectors,  however,  a  third  mode  must  be  added 
as  shown  by  Kudge^  .  Kudge  presented  experimental  data  showing 
that,  his  tri-mode  feed  can  give  as  much  as  ^0  dB  cross-polariza¬ 
tion  suppression  over  that  achievable  with  a  Potter  type  feed. 

C.  KF  PLUMBING 

Two  KF  channels  are  required  for  the  system:  one  for  carrying 
transmitter  power  to  the  antenna  and  this  same  channel  and  one 
other  for  carrying  received  signals  from  the  antenna  to  the  two 
receivers.  Both  of  these  channels  must  be  phase  and  amplitude 
matched.  It  both  the  receivers  and  the  transmitter  are  located 
below  the  pedestal,  then  two  dual  channel  rotary  joints  are 
needed,  one  for  the  azimuth  axis  and  one  for  the  elevation 
axis.  Rotary  joints  have  notoriously  bad  phase  tracking  charac- 
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teri sties.  Thi  s  pro!' 1  err,  combi  tied  veil  b  >iiy.  wu  vi  j'i:  i  :<■  ruse.  I  r*  •  :• 

the  feed  to  the  transmi  t  ter  arid  r<  e,  >  v<  r-  ;  a  > !  i  <  a  ’  <  ■.->  t  ha  t  i  ;.< 

receivers  should  he  mounted  on  'he  antenna-  only  by  <ik  ;  :  i 

roce  i  vers  on  tin  antenna,  ami  pr<- !  erab  I  ey  i  i  n  l  ••••.<  ,  ,  n  am  - 
quale  phase  and  amplitude  accuracy  be  obtained,  as  ■:  r<  .jut  r<  •: 
for  t'.ood  e  ross -po  i  a  r  1 /.a  t  i  on  pi>  r  f  orrnance  . 

P.  1  )[ '  A  b  -  PO  L .  A  l<  1  /  A  Tie  N  G I-.  M  !•.  K  A  T  LON 

A  dual -polarized  feed  can  be  implemented  it  a  nurrbe*  ol  v,  •* s 
including  a  dual  modi-  t  ranstlucrr  or  a  hirn.-t  it  junction  input  to 
a  waveguide  horn.  The  dual  mode  iranxduc*  r  at  ;  t-oac:,  i nr;  tr- 
mondod  because  it  handles  hi  gh  power,  has  pood  phase  a  no  amp  1  i  - 
tude  matching,  and  provides  good  iso  bat  ion  bet  ween  port  . 
addition  ,  these  units  are  ava  t  lahle  <>  M  -  i.  in  •  •  s  in-  1  !  it.  r  os  t  wave¬ 
guide  bands.  This  approach  is  also  more  bro:  dband  than  the  t  urn- 
s  t  i  le  j  uric  t.  i  on  . 

The  feed  i  t  se  1  t  can  be  either  dual  linearly  p<  >  I  a  r  i  /.eb  <-r  .ina  1 
circularly  polarized,.  Pual  linear  pula  ri  /  a  t  ion  i  produce,!  n  - 
turally  by  t  ’  e  dual  mode  transducer .  An  exe  i  t  i  tig  t;<  tv.ork  :  •  •  ■  > 

teed  Ls  shown  in  figure  24  and  would  allow  .op.  e,.x«-  e '  I  .  pt  .  c  !  , 
circular  or  linear  polarization  to  be  radiated  |a  tne  teed.. 
s<  -n.se  of  pol  i  :d  /  .'d  i  on  ;  s  .-hanged  by  c!-.a  nr.  i  s,g  'he  ,  '•  .m  s'  :  :  • 
set  t.  i  nr.-, .  'e’  r'-ci'.  ve  r  rece  i  ore  <  ■ :  •  w>  or  t  m  g  us;  i  •. 

po  1  a  r  i  /a  m.I  :  g  na  1  . 
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in  cross- polarised  performance  than  the  optimum  antenna  recom¬ 
mended  in  Subsection  r. 

The  S-band  antenna  should  be  modified  in  one  of  the  following 
three  ways  to  permit  simultaneous  dual  polarized  operation: 

1.  Center  teed  paraboloid  with  receivers  at  the  focal 
point . 

2.  Center  feed  paraboloid  with  receivers  located  behind  the 
ref  lector . 

3.  Cassegrain  reflector  with  receivers  benind  the  re- 
f lector . 

These  three  options  need  to  be  examined  in  terms  of  blockage, 
polarization  accuracy,  mechanical  compatibility,  and  cost  to 
determine  the  most  desired  approach.  The  advantages  and  dis¬ 
advantages  of  a  dual  linear  versus  a  dual  circularly  polarized 
feed  tor  the  S-band  antenna  should  be  delineated.  The  effects  of 
a  metal  space  frame  radoine  on  the  polarization  performance  of  the 
radar  shouLd  also  be  analyzed.  These  effects  might  establish  a 
limit  on  achievable  cross-polarization  performance. 
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A .  CUN Chl'TS 

The  detailed  data  process  i  ng  requirement  >.  wi  L  l  be  determined 
by  the  measurement  scenario,  i. .  e .  ,  the  type  of  scattering  medium 
under  observation  and  the  scanning  inode  of  the  radar.  in 
general,  the  data  processing  will  include  the  computation  oi 
average  parameters  of  the  received  signals  such  as  average  power, 
mean  Doppler  velocities,  cross-covariance  of  the  two  received 
signals ,  and  parameters  derived  from  those  and  the  computation  of 
the  corresponding  spectral  functions,  namely,  the  two  power  spec¬ 
tra  ,  the  cross-spectrum,  and  other  functions  derived  from 
these.  The  average  parameters  can  he  computed  in  real-time  tor 
display  and  recorded  lot  later  study.  The  computation  of  spec¬ 
tral  functions  in  real-time  will  require  larger  computational 
capacity,  and  can  probably  be  done  more  effectively  off-line  it 
such  analysis  is  required  in  more  than  a  tew  range  gates. 

The  basic  measurement  capabilities  ot  a  coherent  circularly- 
polarized  dual-channel  radar  are  summarized  in  Table  R.  Here  W-] 
and  are  the  received  powers  in  the  parai  lei  polarization 
(transmission  channel)  and  cross -po lar i cat  ion  (opposite  channel), 
respectively,  and  W  is  the  cross -cova r i ance ,  following  the  nota¬ 
tion  of  McCormick  and  Hendry  .  S|  and  S->  are  the  corresponding 
power  spectra  and  2  i «  the  cross-sped  rum  of  the  two  received 
signals.  lhe  table  also  indicates  the  suosidiary  measurement, 
capabilities  of  a  non -coherent  dua  1  -channel  radar  and  a  coherent, 
s i ng i o- channel  radar.  (because  the  larger  circularly  polarized 
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propagation  of  tents,  and  the  spectral  counterparts  ->f  all  these 
quant i ties . 
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The  maximum  utility  of  the  coherent  dual-channel  radar  can  be 
realized  in  conditions  under  which  the  Doppler  velocity  contains 
a  significant  component  due  to  fall  speed ,  so  that  variations  in 
Doppler  velocity  can  he  related  to  variations  in  hydromet  e«.r 
size.  These  conditions  require  (1)  that  some  fraction  of  t he 
detectable  hydrometeors  be  precipitation-sized,  and  (2)  that  ine 
observations  be  made  at  a  relatively  high  elevation  tingle,  i  .«• .  , 
in  the  primary  coverage  region  discussed  in  Section  111.  The 
spectral  functions  will  be  most  useful  under  these  conditions. 
At  low  elevation  angles,  the  spectrum  width  will  he  determined 
mainly  by  wind  shear  and  turbulence,  and  the  backsca t t ered 
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cross-correlation  vl  ( s  i  )  1  "  will  he  uni  torn  tunrt  ions  <>i 
Doppler  frequency  and  hence  contain  no  information  beyond  that 
contained  in  the  circular  depolarization  ratio  lA^/W,,  ami  the 
rfoss-corre  hit  ion  W  /  (  V,  ^  W., )  1  /  . 
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A  gi  ven  s<  ■  l  of  expori men  ta  1  objec  t.  i  ves  will  determi  ne  a 
scanning  modi' ,  e  .  g  .  ,  in  azimuth  a  1  1  l  xed  elevation  ,  or  in  eleva¬ 

tion  at  fixed  azimuth.  We  recommend  that  the  scanning  mode  be 
under  computer  control  and  :  hat  the  control  unit  incorporate 
several  pre-programmed  scan  sequences  with  correspond i ng  data- 
proooss  i  tig  functions.  For  example,  the  computation  of  mean 
Doppler  velocity  for  both  channels  might  be  desirable  in  the  case 
of  observations  at  high  elevation  angles  whereas  these  would  be 
redundant  a t  low  elevation  angles.  The  operator  would  then 
select  an  operating  mode,  specify  certain  parameters,  such  as  tin- 
angular  limits  on  a  sector  scan,  and  select  certain  quant,  it  i  es  to 
he  computed  and  displayed. 


K .  IMPLKMKNTATION 

The  block  diagram  of  Figure  115  presents  a  dual  processor 
approach  to  monitoring  the  radar  and  data  recording.  The  two 
color  d i sp  lays /term ina Is  use  identical  hardware.  The  radar  con¬ 
trol  unit  operates  in  a  real-time  priority  interrupt  mode;  >  t 
controls  radar  parameters,  specifies  scanning  patterns,  etc.  T1  e 
data  processing  unit  operates  in  non-real -time;  it  performs 
signal  processing  operations  for  ciata  verification  or  analysis. 

The  recording  and  sampling  of  the  data  arc  controlled  by  the 
radar  control  unit  ;  the  actual  parameter  selections  are  input  by 
the  user  from  the  terminal.  The  1  >w  data  rale  quantities  such  as 
antenna  position,  range  gate  positions,  sampling  configuration, 
etc.,  are  recorded  on  a  digital  tape.  The  actual  return  signal 
is  recorded  on  a  wideband  tape  unit  .  The  spec  i  f  i  cat  i  on  of  th-s 
wideband  unit  as  t.<>  analog,  or  digital  remains  to  be  determined; 
hot  1.  a  re  ci  impa  t  i  hie  . 
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The  data  processor  unit  selects  ,  via  user  eont  rol  ,  an 
algorithm  or  set  of  algorithms  to  process  t  tie  data.  Depending  on 
the  processor  speed ,  with  cost  proportional  to  an  increase  in 
speed,  some-  or  all  of  the  available  algorithms  can  be  run  in 
near-real-time.  Outputs  from  the  data  processor  unit  can  be 
displayed  in  color.  For  example: 

1.  Color  coded  amplitude  or  intensity  versus  range  on  ar. 
azimuth  scan  (DPI). 

2.  Amplitude'  versus  range  at  fixed  a/,  i  mu  t  h /e  1  eva  :  i  on  posi¬ 
tion,  both  polarizations. 

3.  Spectral  data  in  scanning  or  fixed  modes,  single  or  both 
polar i  za  t.  i  ons . 

4.  Correlation  quantities. 

There  is  an  implementation  cost  savings  in  using  the  dual 
unit  approach.  A  set  of  real-time  soft  wa  re  and  non-rea 1 -t i me 
software  s  needed  no  matter  what  approaeh  is  used,  hut  ,  in  the 
single  processor  concept,  both  must  be  made  to  operate  together 
witti  appropriate  links  and  priorities.  V!  i  t  h  the  dual  processor 
approach,  the  linking  software  need  not  be  developed,  and  mole 
efficiency  can  be  built  into  each  unit  .  Two  color  displays  allow 
more  complete  knowledge  of  radar  performance  and  data  verifica¬ 
tion.  Witti  interchangeable  mi  cropro,  essors  ,  tic  ma  1  1  unci  ion  <  >1 
one  unit  still  permits  radar  operation  and  data  collection. 


SUCTION  VI  i 

CONCLUSIONS  AND  KLCOMMKN DATlON S 


A.  CONCLUSIONS 

'Two  radar  sy  stums  of  similar  configuration,  operating  at 
widely  different  transmitting  frequencies,  are  pustulated  for 
measurement  of  hydrorneteor  polarization  characteristics.  An  S- 
band  radar  is  optimum  for  measurements  of  backseat  t.er  from 
hydrometeors  in  a  precipitation  niudiurn.  A  Ka-band  radar  is  opti¬ 
mum  for  measurements  of  backseat  ter  from  clouds  through  a  clear 
medium.  The  primary  criterion  for  operating  frequency  was  tin- 
radar  preprocessing  detection  capability,  expressed  in  terms  ol 
s ignal-to-noise  ratio,  at  the  maximum  range  of  measurements. 
Additional  criteria  included  propagation  effects  and  the  opera¬ 
tional  scenario,  e.g. ,  long-range  surveillance  or  short-range 
measurement  of  Doppler  frequency- re  1 ated  parameters. 

The  lower  frequency  regime  has  the  advantages  of  long-range 
detection,  Low  signal  .. tenuat  ion  even  in  heavy  rain,  and  low 
depolarization  due  to  differential  attenuation  and  differential, 
phase  .shift  along  the  propagation  path.  Thus  at  S-band,  the 
parameters  derived  from  the  received  signals  in  most  cases  are 
valid  representations  of  the  scattering  medium.  Tile  operational 
capabilities  of  such  a  radar  include  measurement  of  Doppler  wind 
speed  (as  with  a  single-channel,  coherent  radar),  derivation  ol 
raindrop  size  distributions,  separation  of  Doppler  components  due 
to  fall  speed  and  to  air  velocity  tn  some  cases,  and  detection  ol 
hail  in  rain.  Discrimination  ol  snow  arid  rain  i  ■;  possible  on  the 
basis  of  differing  tall  speeds  and  retl.ecl  ivity,  although  l  he 
capability  tor  measuring  polarization  parameters  in  snow  would  he 
limited.  1.1  transmitted  power  is  nigh  enough ,  e.g .,  several 
hundred  kilowatts,  detection  ol  clouds  will  he  possible  it  short, 
r  in  gits . 

The  higher  frequency  regime  (K  -hand)  is  necessary  to  obtain 
udequa  1  c  ::  i  ••  t  i.i  1  -  t  o  -  no  i ■  •  rat  '  os  t  o  i  buck  -.rut  t  e  r  1  r  on  c  louds  .  I  'so 
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ot  Ka-band  will  permit  measurement  of  Doppler  velocity  parameters 
in  clouds  and  discriminat  ion  between  ice  and  liquid  cloud  par¬ 
ticles.  Ustinia  res  of  target  size  and  number  density  will  in- 
based  on  reflectivity  derived  trom  the  "main"  channel  signal.  It 
the  ice  crystals  are  strongly  oriented  by  aerodynamic  or  electri¬ 
cal  torces,  then  idditional  information  can  be  derived  from  the 
scattering  and  propagation  parameters.  The  interpretation  of 
such  measurements  will  depend  strongly  on  the  measurement 
scenario  and  the  physical  processes  affecting  the  propagation  and 
scattering  media.  At  very  short  ranges,  a  Ka-band  radar  is 
capable  of  measuring  scattering  parameters  in  rain.  This  capa¬ 
bility  overlaps  that  of  an  S-band  radar,  but  is  complicated  at 
Ka-band  due  to  Mie  scattering  effects  and  to  propagation  effects 
which  increase  rapidly  with  range. 

The  coherent  dual-channel  radar  offers  several  advantages 
over  the  joint  use  of  a  coherent  single-channel  radar  and  a  non¬ 
coherent  dual-channel  radar.  The  measurement  of  dynamical  and 
physical  parameters  by  a  single  radar  allows  considerable  simpli¬ 
fication  of  system  design  and  operation.  In  addition  to  the 
Doppler  spectrum  and  average  signal  parameters,  information  is 
available  from  the  coherent  dual-channel  radar  through  the  spec¬ 
tral  power  ratio,  S^/S2,  and  the  cross-spectrum,  S^.  These 
spectral  functions  contain  information  on  the  distribution  of 
shapes,  sizes,  and  orientation  parameters  of  the  hydrometeors. 
Lf  hydrometeor  fall  speed  contributes  significantly  to  the 
Doppler  frequency  spread  of  the  received  signals,  as  could  occur 
in  rain,  then  measured  shape  parameters  can  be  related  to  rain¬ 
drop  size.  in  clouds  and  in  radar  observations  at  low  elevation 
angles,  *  he  Doppler  frequency  spread  should  be  dominated  by  tur¬ 
bulence  or  wind  shear,  and  the  backseat  ter  characteristics  asso¬ 
ciated  with  any  particular  size  or  type  ot  hydrometeor  should  be 
distributed  across  tin-  Lrequency  domain  ot  tne  signals.  In  these 
situations,  the  spectral  power  rat  io  and  the  cross -sped  run:  can 
be  expected  to  yield  no  information  beyond  that  derivable  trom 
the  depolarizat  ion  rat  io  and  the  cross-eovar i auee .  Any  deviation 
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in  these  tunctions  from  che  expected  frequency-independence, 
however,  should  yieLd  some  information  on  mi ernphyxical  parame¬ 
ters. 

A  radar  operating  at  either  S-band  or  K  -band  should  have  a 
pulse  width  of  0.5  to  2.0  us,  a  benmwidrh  of  0.5  to  2.0  degrees, 
a  peak  transmitted  power  of  at  least  100  kW ,  a  pulse  repetition 
frequency  variable  between  300  Hz  and  10  kHz.  and  full  scanning, 
capability  in  azimuth  and  elevation  angles.  Oper.it  ion  in  a 
single  freqency  band  is  sufficient  for  observation  ot  the  polari¬ 
zation  characteristics  of  precipitation  or  clouds  at  S-band  or 
Ka-bartd,  respectively.  Current  technological  capabilities  in 
radar  components  are  sulficient  to  achieve  these  specifica¬ 
tions.  In  ^..rticular ,  antenna  designs  can  be  developed  which 
should  give  dual-polarization  performance  (purity  across  beam, 
isolation  between  channels)  better  than  that  achieved  by  meteoro¬ 
logical  research  radars  at  present. 

B.  KfiCOiMMEN  DAT  t  ON  S 

We  recommend  that  serious  consideration  be  given  to  the  de¬ 
velopment  of  radar  systems  at  both  S-band  and  Ka-banJ  lor  mea¬ 
surement  of  hydrometeor  microphysical  parameters  in  prec i pi t  at  ion 
and  clouds.  Our  investigation  has  shown  that  such  development  is 
technologically  feasible  and  will  yield  significant  advances  in 
meteorological  measurement  capability.  As  the  development  oi  new 
radar  systems  proceeds,  experimental  programs  should  he  conducted 
using  existing  radars  having  some  ot  the  capabilities  discussed 
in  this  report.  Such  programs  will  penui  t  the  developitu  n:  ot 
analytical  techniques,  the  determine!  ion  ot  the  ut  i !  it  /  ot 
various  derived  parameters  and  iiinct  ions  tor  research  or  opera¬ 
tional  purposes ,  and  the  evaluation  ot  particular  radar  per¬ 
formance  parameters . 

In  addition  to  the  use  of  existing,  radars  tor  experimental 
programs,  the  possibility  a!  modi Ivin:;  exist  it  g  rad  ns  to  achieve 
the  coherent  dua  1  -ch  mne  1  measurement  cipaiilitv  should  be  given 
detailed  s  t  ud  v  .  In  particular,  >>ur  preliminary  evu  '  uat  ion  >  i  t  tie 
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5-barid  DoppLer  radar  being  installed  by  Air  Force  Geophysics 
Laboratory  indicates  that  this  radar  can  be  modified  to  yield 
satisfactory  performance  as  a  dual-channel  system.  This  approach 
to  the  radar  system  development  offers  the  advantages  of  using 
components  of  the  existing  radar  and  using  the  AFGL  data  pro¬ 
cessing  system  for  much  of  the  real-time  processing  anc  dis¬ 
play.  The  further  study  of  this  development  option  must  address 
(i)  the  expected  performance  limits  associated  with  particular 
technical  approaches,  (2)  logistical  considerations,  (3)  cali¬ 
bration  and  error-compensation  procedures,  and  (4)  specific  re- 
quirenents  for  real-time  displays  and  off-line  data  processing. 
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